REPORT  DOCUMENTATION  PAGE 


Form  Approved  0MB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathenng  and 
maintaining  the  data  needed,  and  completing  and  reviewing  die  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188).  1215  Jefferson 
Davis  Highway.  Suite  1204,  Arlington.  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply 
with  a  collection  of  information  if  it  does  not  display  a  currently  valid  0MB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS.  _ 


1.  REPORT  DATE  fDD^MM-yyyX)  2.  REPORT  TYPE  3.  DATES  COVERED  fFrom  -  To; 

06-01-2004  Conference  Proceedings  9  September  2003  - 12  September  2003 


4.  TITLE  AND  SUBTITLE 

2003  International  Conference  on  Antenna  Theory  and  Techniques  (ICATT) 


5a.  CONTRACT  NUMBER 

FA8655-03-1-5060 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Conference  Committee 


5d.  PROJECT  NUMBER 


20040204  271 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Kharkov  National  University  of  Radio  Electronics 
Lenin  Prospekt,  14 
Kharkov  61166 
Ukraine 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


HOARD 

PSC  802  BOX  14 
FPO  09499-0014 


REPORT  NUMBER 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT  NUMBER(S) 

CSP  03-5060 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 


13.  SUPPLEMENTARY  NOTES 


Copyright  2003,  IEEE.  Available  from:  IEEE  Operations  Center,  445  Hoes  Lane,  P.O.  Box  1331,  Piscataway,  NJ 
08855-1331 .  The  Department  of  Defense  has  permission  to  use  for  government  purposes  only.  All  other  rights  are 
reserved  by  the  copyright  holder. 


14.  ABSTRACT 

The  Final  Proceedings  for  2003  International  Conference  on  Antenna  Theory  and  Techniques  (ICATT),  9  September 
2003  - 12  September  2003 

This  is  an  interdisciplinary  conference.  Topics  include:  1.  General  antenna  theory;  2.  Reflector,  lens  and  hybrid 
antennas;  3.  Antenna  arrays;  4.  Adaptive  antennas,  signal  processing;  5.  Broadband  and  multi-frequency  antennas;  6. 
Low-gain,  printed  antennas 

7.  Antennas  for  mobile  communication;  8.  Antennas  for  remote  sensing;  9.  Antenna  measurements;  10.  Analytical  and 
numerical  methods;  11.  Microwave  components  and  circuits  fiber-optics  links;  12.  Industrial  and  medical  applications 
of  microwave  technologies 

13.  Electromagnetic  compatibility;  14.  Antenna  radomes  and  absorbers;  15.  Electromagnetism  at  the  high  school 


15.  SUBJECT  TERMS 

BOARD,  Electromagnetics,  Antennas 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

UNCLAS 

b.  ABSTRACT 

UNCLAS 

C.  THIS  PAGE 

UNCLAS 

17.  LIMITATION  OF 
ABSTRACT 

UL 


18,  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 
OF  PAGES  MICHAEL  KJ  MILLIGAN,  Lt  Col,  USAF 

2  Volumes  19b.  TELEPHONE  NUMBER  (include  area  code) 

+44  (0)20  7514  4955 

Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39-18 


IV**'  International  Conference  on 


Antenna  Theory 

and 

Techniques 

Volume  1 

Organizers 

National  Antenna  Association  (NAA)  of  Ukraine 
Kharkiv  National  University  of  Radio  Electronics 
Karazin  Kharkiv  National  University 
Sevastopol  National  Technical  University 
National  Technical  University  of  Ukraine  "Kyiv  Polytechnic 

Institute" 

Academy  of  Sciences  of  Applied  Radio  Electronics 
IEEE  AP/C/EMC/SP  Kharkiv  Joint  Chapter  of  the  Ukraine  Section 
Ministry  of  Education  and  Science  of  Ukraine 


THIS  DOCUMEaiT  CONTAINED 
BLANK  PAGES  THAT  HAVE 
BEEN  DELETED 


9  —  12  September  2003 
Sevastopol,  Ukraine  .  . 

Best  Avaifab/e  Copy 


Co-organizers 

Kharkiv  Military  University 
National  Academy  of  Sciences  of  Ukraine 
Radio  Astronomy  Institute  NASU 


We  wish  to  thank  the  following  for  their  contribution  to  the  success  of 

this  Conference: 

Sponsorship 

European  Office  of  Aerospace  Research  and  Development  of  the  USAF 

IEEE  Region  8  Office 

Scientific-Production  Company  "TERA  Ltd"  (Kyiv,  Ukraine) 
Scientific-Production  Company  "ROMSAT  Ltd"  (Kyiv,  Ukraine) 

Ternopil  State  Scientific-Production  Enterprise  "Promin"  (Ukraine) 
"UkrAviaZakaz  Ltd"  (Kyiv,  Ukraine) 

Scientific-Production  Enterprise  "Sovremennye  Volokonnye  Materialy"  ("Modern 
Fiber  Materials")  of  the  Ukrainian  Academy  of  Sciences 

Technical  Support 

IEEE  AP-S 

Publishing  House  IPRZhR  (Moscow,  Russia) 

Publishing  House  "Izvestiya  Vuzov"  (Kyiv,  Ukraine) 

Moscow  Chapter  IEEE 


This  material  is  based  upon  work  suppoted  by  the  Europen  Office  of  Aerospace  Research  and 
development  under  grant  FA8655-03- 15060 


2003  International  Conference  on  Antenna  Theory  and  Techniques 


IEEE  Catalog  Number: 
ISBN: 

Library  of  Congress: 


03EX699 

0-7803-7881-4 

2003103227 


Copyright  and  Reprint  Permission:  Abstracting  is  permitted  with  credit  to  the  source 
Libraries  are  permitted  to  photocopy  beyond  the  limit  of  U.S.  copyright  law  for  private  use  of 
fh^npr  aiticleyn  this  volume  that  carry  a  code  at  the  bottom  of  the  first  page,  provided 
Ae  per-copy  fee  indicated  m  the  code  is  paid  through  Copyright  Clearance  Center  222 
Rosewood  Drive,  Danvers,  MA  01923.  For  other  copying,  reprint  or  republication 
permission  wite  to  IEEE  Copyrjhts  Manager,  IEEE  Operations  Center,  445  HoS  Lane 

08855-1331.  All  rights  reserved.  Copyright  ©2003  by  the 
Institute  of  Electrical  and  Electronics  Engineers,  Inc.  ^ 

2  Internarional  Conference  on  .Antenna  Theorj-  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine 


ICATT’03  CHAIRMAN  Yakov  S.  Shifrin,  Ukraine 


ICATr03  TECHNICAL  PROGRAM  COMMITTEE 


Co-Chairmen 

Nicolay  N.  Kolchigin  (Ukraine) 
Fedor  F.  Dubrovka  (Ukraine) 


Adrian  Alden  (Canada) 

Lev  D.  Bakhrakh  (Russia) 

Alex  B.  Gershman  (Canada) 

Nicolay  N.  Gorobets  (Ukraine) 

David  Jackson  (USA) 

Peter  Edenhofer  (Germany) 

Elya  Joffe  (Israel) 

Victor  Kravchenko  (Russia) 

Kees  van't  Klooster  (the  Netherlands) 
Aleksander  A.  Konovalenko  (Ukraine) 
David  I.  Lekhvitskiy  (Ukraine) 
Anatoly  S.  Ilinskiy(Russia) 

Leo  Ligthart  (the  Netherlands) 


Members 

Lyubov  M.  Lobkova  (Ukraine) 
Konstantin  A.  Lukin  (Ukraine) 
Sergey  A.  Masalov  (Ukraine) 
Josef  Modelski  (Poland) 
Gennadiy  A.  Morozov  (Russia) 
Dimitry  M.  Sazonov  (Russia) 
Hiroshi  Shigesawa  (Japan) 
Tadashi  Takano  (Japan) 

Dimitry  I.  Voskresensky  (Russia) 
Felix  Yanovskiy  (Ukraine) 

Yuriy  Yukhanov  (Russia) 

Vadim  1.  Zamyatin  (Ukraine) 
Wen  Xun  Zhang  (China) 


ICATr03  ORGANIZING  COMMITTEE 
Co-Chairmen 


Mukhailo  F.  Bondarenko  (Ukraine) 
Victor  A.  Karpenko  (Ukraine) 

Members 


Aleksander  G.  Luk'yanchuk 
Vladimir  M.  Shokalo  (Ukraine) 

Victor  A.  Katrich  (Ukraine) 

Vladimir  I.  Karpenko  (Ukraine) 
Aleksander  I.  Dokhov  (Ukraine) 
Gennadiy  1.  Churyumov  (Ukraine) 
Mikhail  B.  Egorov  (Ukraine) 

Marianna  V.  Ivashina  (the  Netherlands) 


Vyacheslav  V.  Khardikov  (Ukraine) 
Nina  G.  Maksimova  (Ukraine) 
Vladimir  I.  Pravda  (Ukraine) 
Yaroslav  O.  Rospopa(Ukraine) 
Anna  V.  Shishkova  (Ukraine) 
Vladimir.  G.  Syrotyuk  (Ukraine) 
Peter  L.  Tokarsky  (Ukraine) 


International  Conference  on  Antenna  Theor)'  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine 


Welcome  to  ICATT'2003 ! 

During  four  days  (9-12  September,  2003)  Sevastopol  will 
be  a  host  of  the  International  Conference  on  Antenna 
Theory  and  Techniques  (ICATT'03).  Since  1995  it  is  the 
fourth  meeting  of  such  a  kind  in  Ukraine.  To  a  certain 
degree,  ICATT  is  a  successor  of  the  regularly  held  earlier 
in  the  USSR  antenna  conferences  organized  and 
unchangeably  chaired  by  Aleksander  A.Pistol'kors  -  the 
widely  recognized  head  of  the  Soviet  antenna  school. 

It  should  be  noted  that  notwithstanding  hard  times 
that  Ukraine  and  Russia  go  through  now,  the  antenna 
science  keeps  actively  advancing.  The  evidence  of  this  is 
the  present  conference,  whose  scale  remarkably  exceeds 
that  of  previous  ICATTs  in  the  number  of  presented 
papers,  the  number  of  participants  and  the  number  of 
guests  from  "far  and  near  abroad".  Over  220  papers  have 
been  submitted  to  the  ICATT'03  Program  Committee  from 
Ukraine,  Russia,  Mexico,  the  Netherlands,  Japan,  Italy,  USA,  Canada  Belarus,  Azerbaijan, 
Ireland,  Denmark,  France,  Austria,  Poland,  China,  Corea.  These  papers  are  to  be  presented 
at  three  morning  plenary  sessions  and  at  afternoon  meetings  of  14  sessions. 

Special  attention  was  paid  to  selection  of  invited  speakers  among  the  recognized 
antenna  scienHsts  from  different  countries.  Undoubtedly,  their  review  presentations  in  a 
number  of  the  modern  applied  electromagnetics  directions  will  be  met  by  the  ICATT'03 
participants  with  a  great  interest  and  will  be  especially  useful  for  young  scientists.  I  am  also 
sure  that  with  a  great  interest  the  conference  participants  will  attend  on  tire  12"'  of 
September  the  Ukraine  National  Centre  of  Space  Vehicles  Control  and  Tests  in  Eupatoria, 
where  they  can  become  acquainted  with  a  number  of  unique  large  antennas. 

All  this  gives  me  a  confidence  that  ICATT'03  will  be  fruitful  and  stimulaHve  for  a 
further  progress  of  antenna  science  and  engineering. 

ICATT03  is  being  held  in  Sevastopol  rich  with  many  monuments  reflecting  ancient 
and  heroic  history  of  this  wonderful  maritime  city.  The  ICATT'03  attendees  will  take  also  a 
chance  to  seeing  sights  of  the  Southern  Coast  of  the  Crimea.  There  are  planned  also  other 
exciting  social  events.  All  this  will  additionally  adorn  your  stay  in  Sevastopol. 

I  would  like  to  thank  all  organizers,  many  my  colleagues  who  performed  a  bulky 
work  on  the  conference  preparation  and  publishing  its  Proceedings,  and  of  course  all  the 
participants  who  have  made  ICATT'03  possible. 

I  would  like  also  to  thank  our  sponsors  (especially  European  Office  of  Aerospace 
Research  and  Development  of  the  USAF)  for  their  financial  contribution  to  the  ICATT'03 
organization  and  support  of  young  scientists. 

I  wish  all  the  ICATT  03  participants  a  successful  work  at  the  conference  meetings, 
pleasant  contacts  with  colleagues  and  nice  time  in  the  sunny  Crimea  on  the  shore  of  the 
warm  Black  Sea. 

Yakov  S.  Shifrin 

— 

Chairman  of  ICATT'2003 
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Abstract 

The  development  and  optimization  of  transient  antennas  for  Ground  Penetrating 
Radar  would  be  difficult  without  numerical  simulations  of  their  performance.  To  this 
end  the  FDTD  algorithm  should  be  considered  as  a  useful  and  powerful  tool  for  tran¬ 
sient  antenna  analysis.  As  an  example  of  such  analysis  we  describe  simulations  of  the 
dielectric  wedge  antenna.  Good  agreement  between  theoretical  predictions  and  ex¬ 
perimental  results  was  observed.  Some  of  the  antenna  characteristics  (like  the  radial 
component  of  the  electric  field  in  the  near  zone,  the  radiated  waveform  and  the  an¬ 
tenna  footprint  in  different  grounds)  cannot  be  measured  easily,  so  the  correct  theo¬ 
retical  (numerical)  model  is  essential  for  their  determination.  The  numerical  model  of 
the  antenna  can  also  be  used  for  optimization  of  the  antenna.  As  an  example  of  such 
optimization  we  present  a  design  of  the  shield  for  the  dielectrically  embedded  dipole 
antenna. 

Keywords:  transient  antennas,  finite-difference  time-  domain  algorithm,  Ground 
Penetrating  Radar. 


1.  Introduction 

There  are  only  a  few  types  of  antennas  widely  used  in 
Ground  Penetrating  Radar  (GPR)  systems:  resistively 
loaded  bow  ties,  TEM  horns  and  their  modifications 
and  spiral  antennas  (Daniels,  1996).  Every  antenna 
type  has  its  advantages  and  disadvantages,  and  not 
any  of  these  types  fially  satisfy  the  demands  of  the 
GPR  designers.  That  is  why  it  is  believed  that  a  main 
breakthrough  in  GPR  hardware  can  be  achieved  in 
optimizing  the  antenna  system.  GPR  antennas  possess 
two  principal  features:  they  are  (ultra)  wideband  and 
they  couple  EM  energy  into  the  ground.  Additionally, 
antennas  used  in  video  impulse  GPR  should  handle 
transient  signals  properly  (they  should  physically 
transmit  and  receive  short  pulses  of  EM  energy).  The 
improvement  of  existing  transient  antennas  and  the 
development  of  new  ones  can  be  accelerated  consid¬ 
erably  by  performing  accurate  numerical  simulations 
and  numerical  optimizations  of  different  antenna  pro¬ 
totypes.  To  this  end  fast  forward  solvers,  preferably  in 
time  domain,  are  required.  The  mathematical  back¬ 
ground  for  such  solvers  can  be  either  the  integral 
equation  method  (Rao  and  Wilton,  1991)  or  finite 
difference  (finite  element)  time  domain  (Taflove, 
1995)  algorithms. 

The  integral  equation  method  is  widely  used  for 
simulations  of  metal  transient  antennas  (fe.  Lestari, 
Yarovoy  and  Ligthart,  2001;  Leaf  Shuley  and  Stick- 


ley,  1998).  However,  this  method  suffers  from  two 
serious  disadvantages.  First,  simulations  should  be 
performed  in  frequency  domain  (in  time  domain  the 
method  leads  to  numerically  unstable  algorithms)  and 
thus  it  is  very  difficult  to  visualize  the  transient  proc¬ 
esses  in  the  antenna  (which  is  very  helpful  for  the 
antenna  designer).  Second,  the  method  does  not  allow 
simulation  of  antennas  that  consists  of  both  metal  and 
dielectric  parts  (in  widely-used  realizations  of  the 
method  dielectric  parts  should  be  separated  by  at  least 
one  cell  of  the  mesh  from  the  metal,  however  from 
experiments  it  is  known  that  such  separation  drasti¬ 
cally  changes  the  antenna  properties). 

Finite-Difference  (and  Finite-Element)  Time- 
Domain  algorithms  are  free  from  both  above- 
mentioned  disadvantages.  These  algorithms  allow  the 
simulation  of  fields  in  complicated  structures,  which 
can  include  both  dielectrics  and  metals  (Taflove, 
1995).  The  simulations  are  performed  directly  in  time 
domain,  so  the  visualization  of  transient  processes  in 
antennas  can  be  done  straightforwardly.  Also  the 
ground  can  be  incorporated  easily  into  the  model 
without  increasing  the  complexity  of  the  model  (in  the 
integral  equation  method  the  ground  can  be  incorpo¬ 
rated  via  the  Green’s  functions.  It  increases  the  com¬ 
plexity  of  the  algorithm,  requires  the  air-ground 
interface  to  be  flat  and  is  computational  time  inten¬ 
sive.  Despite  of  its  simplicity  and  general  applicability 
the  FDTD  algorithm  has  not  been  widely  used  for 
GPR  antenna  analysis.  The  reasons  for  this  are  not 
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only  the  demand  for  high  computational  power  re¬ 
quired  for  simulations  but  also  the  difficulties  in  the 
correct  implementation  of  the  FDTD  algorithm  for 
complex  structures. 

In  this  paper  we  present  results  of  the  FDTD  model 
development  for  the  Dielectric  Wedge  Antenna  or 
DWA  (Yarovoy,  Schukin  and  Ligthart,  2000;  Yaro¬ 
voy  et  al.,  2002).  A  photo  of  the  antenna  is  shown  in 
Fig.  1.  This  antenna  consists  of  a  dielectric-meta! 
structure,  with  a  complex  geometry,  that  cannot  be 
easily  described  in  the  rectangular  mesh.  For  the 
simulations  we  used  in  house  developed  FDTD  soft¬ 
ware  (Mur,  1999).  Comparison  between  simulated 
and  measured  antenna  characteristics  (antenna  input 
impedance,  antenna  transfer  function,  antenna  foot¬ 
print)  shows  good  agreement. 

We  also  present  an  example  of  optimization  of  an¬ 
other  GPR  antenna,  i.e.  the  Dielectric  Embedded  Di¬ 
pole  or  DEDA  (de  Jongh  et  al.,  1998),  using  its  FDTD 
model  by  profiling  the  "conventional'*  rectangular 
brick-shaped  metal  case  and  its  absorber  layer.  The 
original  antenna  is  shown  in  Fig.  2. 

2.  FDTD  Model 

In  order  to  use  an  FDTD  model  for  antenna  optimisa¬ 
tion,  the  model  must  meet  two  major  demands:  a  high 
accuracy  and  a  short  computation  time.  The  demand 
of  minimal  computation  time  is  qualitatively  different 
from  the  minimal  computer  storage  demanded  in  a 
number  of  previous  papers  on  FDTD  simulations  of 
transient  antennas  (Schlager,  Smith  and  Maloney, 
1994). 

To  reduce  the  domain  size  of  the  computation  and 
therefore  to  decrease  the  computation  time,  we  used 
the  geometrical  symmetries  of  the  antenna.  In  this 
way,  only  one  quarter  of  the  real  antenna  had  to  be 
simulated.  On  the  planes  of  symmetry  zero-valued 
boundary  conditions  for  the  relevant  tangential  com¬ 
ponents  of  electric  (or  magnetic)  field  were  used  de¬ 
pending  on  the  type  of  field  symmetry.  The  domain  of 
computation  is  further  terminated  by  second-order 
Mur  absorbing  boundary  conditions  (Mur,  1998). 
During  simulation  of  the  antenna  above  the  ground 
the  domain  outside  the  antenna  is  filled  with  two  ho¬ 
mogeneous  media,  which  represent  air  and  the 
ground.  At  places  where  the  air-ground  interface 
reaches  the  absorbing  boundaries,  simple  first-order 
Mur  absorbing  boundary  conditions  were  used. 

The  FDTD  model  employs  a  uniform  mesh,  the 
domain  of  computation  being  divided  into  rectangular 
parallelepipeds  of  equal  size.  Despite  of  the  larger 
number  of  cells  (in  comparison  with  non-uniform 
meshes,  e.g.  the  "ballooned"  mesh  in  (Schlager,  Smith 
and  Maloney,  1994)),  such  a  mesh  leads  to  a  computa¬ 
tionally  simpler,  and  therefore  faster  algorithm.  The 
cell  size  was  chosen  such  that  the  maximum  distance 
between  adjacent  comers  of  the  staircase  is  much 
smaller  than  one  wavelength  (in  the  dielectric  mate¬ 
rial)  at  the  highest  frequency  of  interest  for  the  inci¬ 
dent  pulse.  Such  an  approach  makes  it  possible  to 


avoid  resonance  phenomena  due  to  the  staircase  ap¬ 
proximation  (Schlager,  Smith  and  Maloney,  1994). 
By  varying  the  parameters  of  the  FDTD  model  (cell 
size,  position  of  absorbing  boundaries,  etc.)  we 
achieved  a  computational  error  which  is  substantially 
below  -  40  dB  within  the  observation  time  window. 

The  antenna  metal  flairs  are  essentially  3D  struc¬ 
tures  and  they  do  not  coincide  with  any  coordinate 
plane.  That  is  why  the  staircase  approximation  of  the 
metal  flairs  was  a  laborious  part  of  the  model  devel¬ 
opment.  By  shaping  the  flairs  in  a  rectangular  grid  we 
took  special  care  to  avoid  any  air  gap  between  the 
dielectric  wedge  and  metal  and  to  give  some  overlap 
of  the  "metal**  cells  by  an  increase  of  the  wedge  width. 
Such  overlapping  is  essential  for  preventing  of  EM 
field  leakage  through  the  metal  flair  (Foster,  2000). 

Another  crucial  part  of  the  model  is  the  feed  point. 
During  simulations,  the  antenna  is  fed  by  a  current 
source  placed  in  the  feed  point  of  the  antenna  between 
the  metal  flair  and  the  electrical  wall  at  the  plane  of 
symmetry.  The  magnitude  of  the  current  is  constant 
along  the  source  and  varies  in  time  as  a  time- 
differentiated  Gaussian  pulse.  The  current  is  described 
by 

exp  [  -  ( ( i  —  4r  )/t  ]  ] 

lit)  =  -2/o(^  -  4r) - 5 (1) 

where  /q  is  the  magnitude  of  the  feeding  pulse  (in  the 
equation  it  is  assumed  that  the  /(>  is  equal  to  1  A  and 
T  is  the  pulse  duration.  The  pulse  centre  was  delayed 
by  four  pulse  widths  to  avoid  the  usage  of  negative 
times.  The  transient  excitation  (1)  does  not  have  a  DC 
component,  so  it  cannot  **charge"  the  FDTD  grid, 
which  has  a  property  of  a  distributed  capacitor  (Wag¬ 
ner  and  Schneider,  1998).  Only  for  visualization  pur¬ 
poses  the  antenna  was  excited  by  a  Gaussian  pulse, 

^vio7wpvlsp{^')  -fo  4T)^Ty  j,  (2) 

which  provides  a  better  resolution  in  space.  The  influ¬ 
ence  of  the  feeding  line  was  modelled  by  a  lumped 
50  f)  resistor  and  an  0.001  pF  capacitor  (the  capaci¬ 
tance  of  the  grid  (Wagner  and  Schneider,  1998)  is  also 
taken  into  account)  placed  in  parallel  with  the  feeding 
current.  The  influence  of  the  feed  model  on  antenna 
radiation  is  demonstrated  in  Fig.  3.  In  this  figure  theo¬ 
retical  responses  are  normalized  with  respect  to  the 
maximal  value  of  the  experimental  one.  It  can  be  seen 
that  proper  feed  point  loading  allows  to  achieve  excel¬ 
lent  agreement  in  the  late  time  antenna  response. 

3.  Numerical  Analysis  Of  The 
Dielectric  Wedge  Antenna 

One  of  the  key  characteristics  of  the  antenna  is  its 
input  impedance.  For  transient  antennas  it  is  possible 
to  distinguish  between  input  impedance  (which  is 
determined  in  the  assumption  of  an  infinitely  long 
antenna)  and  the  antenna  impedance  in  its  classical 
sense  (this  impedance  takes  into  account  the  reflec- 
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tions  from  the  antenna  terminations).  Both  imped¬ 
ances  are  shown  in  Fig.  4.  From  this  Figure  it  can  be 
seen  that  the  antenna  is  almost  perfectly  matched  to 
the  feeding  line  in  the  frequency  band  from  about 
200  MHz  until  4.2  GHz  (the  antenna  input  resistance 
is  close  to  the  50  Q  impedance  of  the  feeding  line  and 
the  antenna  input  reactance  is  close  to  zero).  Reflec¬ 
tions  from  the  antenna  aperture  cause  oscillations  of 
the  antenna  impedance  around  the  value  of  the  input 
impedance.  The  amplitude  of  these  oscillations  de¬ 
pends  on  the  ground  type  because  reflection  from  the 
antenna  aperture  varies  for  different  ground  types. 
Generally,  the  ground  plays  the  role  of  a  resistive 
loading  of  the  antenna,  reducing  the  reflection  from 
the  aperture  and  the  late  time  ringing  caused  by  this 
reflection. 

4.  Numerical  Optimization  of  the 
Dielectric  Embedded  Dipole 
Antenna 

From  FDTD  simulations  of  the  complete  antenna  we 
have  found  that  the  topside  wall  of  the  metal  case  af¬ 
fects  the  antenna  signal  response  considerably  (de¬ 
spite  of  adding  some  absorbing  material  beneath  the 
wall).  We  can  take  advantage  from  this  phenomenon 
to  strengthen  the  signal  response.  To  achieve  that 
goal,  we  reduce  the  amount  of  absorber  on  the  topside 
wall  and  seek  out  some  alternative  profiles  to  the  top¬ 
side  wall  that  can  focus  the  signal  to  a  certain  direc¬ 
tion  (i.e.  boresight  direction).  A  few  stair-case 
profiles,  which  produce  larger  peak  to  peak  ampli¬ 
tudes  and  can  lower  the  unwanted  antenna  ringing 
level,  have  been  suggested  as  the  result  of  this  study. 
Examples  of  stair-case  profiles  and  continuous  pro¬ 
files  are  shown  in  Fig.  5.  The  antenna  has  been  further 
improved  through  optimization  of  the  absorber  layer 
thickness  and  absorber  layer  profiles,  which  is  at¬ 
tached  to  the  side  walls  of  the  metal  case.  The  results 
of  this  optimization  are  shown  in  Fig.  6.  According  to 
simulations  the  optimized  version  of  the  antenna  has 
more  than  1.5  times  larger  peak-to-peak  amplitude  of 
the  radiated  signal,  shorter  pulse  duration  and  up  to 
1 1%  lower  ringing  level  than  the  first  DEDA  antenna. 
Theoretical  findings  will  be  verified  by  experimental 
work  in  the  nearest  future. 

6,  Conclusion 

We  have  shown  the  principal  possibility  to  use  FDTD 
algorithm  for  analysis  and  optimization  of  transient 
antennas. 
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Fig.  2.  Photo  of  the  dielectric  embedded  dipole  an¬ 
tenna  with  a  30  cm  ruler. 


Fig.  5.  Various  DEDA  topside  wall  staircase  profiles 
(left)  and  continuous  profiles  (right). 


Fig.  6.  Simulation  results  for  a  modified  DEDA  and 
original  antenna.  The  metal  case  has  a  flat 
topside  wall. 
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Abstract 

The  technique  that  can  be  applied  to  the  calculation  of  aperture  antenna  radiation 
patterns  is  the  equivalence  principle  followed  by  physical  optics.  The  equivalence 
principle  is  based  on  replacing  the  physical  antenna  aperture  with  a  virtual  antenna 
aperture  consisting  of  an  ensemble  of  Huygen’s  sources,  each  of  which  is  a  source  of 
spherical  wavelets.  The  total  pattern  is  taken  as  a  construction  of  these  Huygen’s  sec¬ 
ondary  waves.  A  Fourier  transform  relation  exists  between  the  amplitude  distribution 
of  these  sources,  and  the  radiation  pattern  in  angle  space. 

For  most  aperture  antenna  problems,  these  classical  techniques  are  adequate  and 
give  reasonably  accurate  results.  However,  more  modern  analysis  techniques  such  as 
method  of  moments  (MOM),  finite  element  method  (FEM),  and  the  finite  difference 
time  domain  (FDTD)  method  are  also  discussed.  These  are  more  robust  and  accurate, 
but  the  complexity  and  large  amount  of  computer  resources  required  must  be  traded 
off  with  the  accuracy  desired. 


1.  Introduction 

Aperture  antennas  are  used  at  microwave  and  the  mil¬ 
limeter  wave  frequencies.  There  are  a  large  number  of 
categories  for  which  the  radiated  electromagnetic  fields 
can  be  considered  to  emanate  from  a  plane  aperture. 
This  includes  reflector  antennas,  lenses  and  horn  anten¬ 
nas.  The  geometry  of  the  aperture  may  be  any  shape. 
Aperture  antennas  are  veiy  popular  for  aircraft  applica¬ 
tions  because  they  can  be  flush  mounted  onto  the  sur¬ 
face  and  the  aperture  opening  can  be  covered  with  a 
radome  to  protect  the  antenna  from  the  environmental 
conditions  [1].  This  is  implemented  to  maintain  the 
aerodynamic  profile  of  high-speed  aircraft. 

In  order  to  evaluate  the  far-field  radiation  patterns, 
it  is  necessary  to  know  the  surface  currents  on  the 
radiating  surfaces  of  the  antenna.  Field  equivalence 
[2]  is  a  principle  by  which  the  actual  sources  on  an 
antenna  aperture  can  be  replaced  by  equivalent 
sources  on  an  external  closed  surface  outside  of  the 
antenna  aperture.  The  fictitious  sources  are  equivalent 
within  a  region  if  they  produce  the  same  fields  within 
that  region.  Huygen’s  principle  [3]  states  that  the 
equivalent  source  at  each  point  on  the  external  surface 
is  a  source  of  spherical  waves  and  that  a  secondary 
wavefront  can  be  constructed  as  the  envelope  of  these 
spherical  waves  [4,  5]. 

Using  these  concepts,  the  electrical  and  magnetic 
fields  in  the  equivalent  aperture  region  is  determined, 
and  the  fields  elsewhere  are  assumed  to  be  zero.  In 
most  applications  the  closed  surface  is  selected  so  that 


most  of  it  coincides  with  the  conducting  parts  of  the 
physical  antenna  aperture  structure.  This  is  preferred 
because  the  vanishing  of  the  tangential  electrical  field 
components  over  the  conducting  parts  of  the  surface 
reduces  the  limits  of  integration. 

Equivalence  techniques  are  useful  for  electrically 
large  parabolic  reflector  antennas,  when  the  aperture 
plane  is  defined  immediately  in  front  of  the  reflector. 
This  method  can  also  be  applied  to  small  aperture 
waveguide  horn  antennas.  However,  for  very  small 
horn  antennas  with  an  aperture  dimension  of  less  than 
one  wavelength,  the  assumption  of  zero  fields  outside 
the  aperture  fails  unless  the  horn  is  completely  sur¬ 
rounded  by  a  planar  conducting  flange  [6]. 

2.  Line  Source  Radiation 

Consider  a  line  source  of  length  L,t,  using  the  coordi¬ 
nate  system  illustrated  in  Fig.  1.  A  line  source  is 
treated  with  a  one-dimensional  Fourier  transform  [7]. 
Assume  that  the  source  is  positioned  in  a  ground 
plane  of  infinite  extent.  The  applicable  transform  is 
[8,  10]: 

oo 

Eie)  =  f  E(x)e^^^^‘‘'^dx  ,  (1) 

-OC 

00 

E(x)  =  f  ,  (2) 

-00 

where  k  =  27r  /  X  .  For  real  values  of  9  ,  the  distribu¬ 
tion  represents  radiated  power,  while  outside  this  re- 
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Fig.  1.  Coordinate  system  used  to  analyze  linear 
aperture  of  length 

gion  it  represents  reactive  or  stored  power  [1 1].  For  a 
finite  aperture,  the  Fourier  integral  representation 
equation  (1)  may  be  re-written  as  [9]: 

4/2 

E{0)=  J  E{x)e^'''^"’>dx.  (3) 

-LJ2 

For  a  uniform  distribution  in  which  the  amplitude 
is  constant  over  the  aperture  region 
-hi:  /  2  <  3:  <  /  2 ,  the  radiation  pattern  has  the 

narrowest  radiation  pattern  beam  width  of  any  other 
distribution,  but  on  the  other  hand  has  the  highest  first 
sidelobe  level  of -13.2  dB.  To  make  a  relative  com¬ 
parison  of  this  and  other  line  source  distributions,  we 
must  first  normalize  the  distributions  in  order  that  the 
total  radiated  power  is  the  same  relative  to  the  uni¬ 
form  case. 

We  have  applied  a  computer  code  to  compute  the 
secondary  radiation  patterns  produced  a  line  source 
with  a  uniform,  cosine  raised  to  power  n  ,  and  cosine 
on  a  pedestal  P  aperture  distributions.  The  results 
shown  in  Table  1  compare  the  gain,  main  lobe  beam 
width,  and  the  first  side-lobe  levels  for  each.  All  gain 
levels  are  compared  with  the  uniform  illumination 
case  and  total  radiated  power  is  assumed  in  each  case. 
The  important  radiation  values  can  be  found  from  the 
three  parameters  K2  and  K-^ )  in  this  Table  by 
applying  the  following  formulas: 


(4) 

Ljy 

(5) 

K. 

Ljy 

(6) 

where,  6,,  =  Half  power  beamwidth  (degrees) 

6,,  —  Null  to  null  beamwidth  (degrees) 

=  Position  of  first  sidelobe  from  the  main  lobe 
(degrees) 

/  A  =  Aperture  dimension  in  wavelengths. 


Fig.  2.  Coordinate  system  used  to  analyze  rectangu¬ 
lar  aperture  of  dimensions  A^^, , 


3.  Rectangular  Apertures 

The  rectangular  aperture  shown  in  Fig.  2  is  a  common 
microwave  antenna  shape.  Because  of  its  configura¬ 
tion,  the  rectangular  coordinate  system  is  the  most 
convenient  system  in  which  to  express  the  electro¬ 
magnetic  fields  at  the  aperture.  Rectangular  horns,  in 
particular,  can  be  analyzed  as  aperture  antennas.  Inci¬ 
dent  fields  are  replaced  by  equivalent  electrical  and 
magnetic  currents.  With  use  of  vector  potentials,  the 
far  fields  are  found  as  a  superposition  of  each  source. 
Generally,  one  can  assume  that  the  incident  field  is  a 
propagating  free-space  wave,  the  electrical  and  mag¬ 
netic  fields  of  which  are  proportional  to  each  other. 
This  will  give  the  Huygens  source  approximation  and 
allow  us  to  use  integrals  of  the  electric  field  in  the 
aperture  plane.  Each  point  in  the  aperture  is  consid¬ 
ered  as  a  source  of  radiation. 

Assuming  a  rectangular  aperture  of  dimension  A,, 
in  the  a: -plane  and  in  the  2/ -plane,  the  radiation 
pattern  may  then  be  obtained  from  the  integral  [12]: 
4/2  4/2 

E{0^(l))  =  t  t  E{x,y)c^^^^' ,  (7) 

in  which  E(x^y)  is  the  aperture  distribution  and  the 
directional  wave  numbers  are  given  by: 
kj.  =  k  sin  9  cos  (p  and  ky  =  k  sin  6  sin  9? .  These  are 

also  known  as  the  x  and  y  components  of  the  propaga¬ 
tion  vector  k  [13]. 

For  many  kinds  of  rectangular  aperture  antennas 
such  as  horns,  the  aperture  distributions  in  the  two 
principal  plane  dimensions  are  independent.  Theses 
types  of  distributions  are  said  to  be  separable.  The 
total  radiation  pattern  is  obtained  for  separable  distri¬ 
butions  as  the  product  of  the  pattern  functions  ob¬ 
tained  from  the  one-dimensional  Fourier  transforms 
corresponding  to  the  two  principal  plane  distributions: 

E{x,y)  =  E{x)E{y),  (8) 
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Table  1.  Radiation  characteristics  of  various  linear  aperture  distributions 


Type  of 
distribution 


Comments 


Parameter 

K, 


Parameter 

K-2 


Parameter 

Ki 


1*‘  Sidelobe 
Level,  dB. 


Peak  Gain 
Relative  to 
Uniform 


Uniform 


50.67 


114.67 


82.00 


-13.26 


0.0 


Cosine  raised 
to  power  “  n  ” 


ra  =  1 
n  =  2 
n  =  3 
n  =  4 
n  =  5 


68.67 

82.67 
95.33 
106.00 

116.67 


172.00 

229.22 

286.67 

344.00 

402.00 


108.33 

135.50 

163.00 

191.00 

219.00 


-23.00 

-31.46 

-39.29 

-46.74 

-53.93 


-0.91 

-1.76 

-2.40 

-2.89 

-3.30 


Cosine  on 
pedestal  “  P  ” 


P  =  0.0 
P  =  0.1 
P  =  0.2 
P  =  0.3 
P  =  0.4 
P  =  0.5 


68.67 

64.67 
62.00 
59.33 
58.00 
56.00 


172.00 

162.00 

152.67 

144.67 
138.00 

132.67 


108.33 
98.00 
97.00 

93.67 

90.67 

88.33 


-23.01 

-23.00 

-21.66 

-20.29 

-18.92 

-17.65 


-0.91 

-0.68 

-0.50 

-0.35 

-0.24 

-0.15 


If  the  rectangular  aperture  distribution  is  not  able  to 
be  separated,  the  directivity  pattern  is  found  in  a  simi¬ 
lar  manner  to  the  line-source  distribution  except  that 
the  aperture  field  is  integrated  over  two-dimensions 
rather  than  one  dimension  [8].  This  double  Fourier 
transform  can  also  be  applied  to  circular  apertures  and 
can  be  easily  evaluated  on  a  PC  computer. 


distribution  E{p)  and  the  far-field  radiation  pattern 
Ecu') .  For  a  circular  symmetric  aperture  distribution, 
the  radiation  pattern  can  be  written  in  normalized 
form  [7]: 

27r  TT 

E{u)  =  -^ff  E(p)e^^'^<'^-^'^pdpdc/>' ,  (9) 

^00 


4.  Circular  Apertures 

Circular  aperture  antennas  shown  in  Fig.  3  form  the 
largest  single  class  of  aperture  antennas.  The  most 
convenient  coordinate  system  used  to  analyze  the  ra¬ 
diation  from  a  circular  aperture  of  diameter  is  the 
spherical  coordinate  system  where  the  aperture  lies  in 
the  x-y  plane.  The  radiation  can  be  described  in 
terms  of  the  spherical  coordinate  components  0  and 
(p  ,  The  radiation  pattern  from  a  circular  aperture  can 
be  calculated  by  applying  Huygen’s  principle  in  a 
similar  way  that  we  did  for  rectangular  apertures.  The 
simplest  form  of  a  circular  aperture  distribution  is  one 
in  which  the  field  does  not  vary  with  (p  and  is  rota- 
tionally  symmetric.  This  is  not  always  true. 

As  was  the  case  with  rectangular  apertures,  a  Fou- 
rier-transform  relationship  exists  between  the  antenna 


Fig.  3.  Coordinate  system  used  to  analyze  circular 
aperture  of  diameter 


where, 


Dy,  sin  0 
A 


And  the  normalized  radius  is, 


P 


27rr 


A  computer  code  was  applied  to  compute  the  sec¬ 
ondary  pattern  characteristic  produced  by  a  uniform, 
cosine  raised  to  a  power  n  ,  cosine  on  a  pedestal  P , 
and  parabolic  raised  to  power  n  distributions.  The 
results  shown  in  Table  2.  The  important  radiation  val¬ 
ues  of  half  power  beamwidth,  null  to  null  beamwidth 
and  position  of  the  first  sidelobes  relative  to  the  main 
lobe  are  found  from  the  three  parameters  (ifi ,  K2 
and  Ks)  in  this  Table  by  formulas  similar  to  (4) 
through  (6),  but  replacing  the  linear  aperture  dimen¬ 
sion  in  wavelengths  with  the  circular  aperture  diame¬ 
ter  in  wavelengths.  That  is: 


Oo 

On 


D,jy 

Ki 

Djy 


(10) 

(11) 


Osl 


Djy 


(12) 


/  A  =  Aperture  diameter  in  wavelengths. 


5.  Modern  Full-Wave  Methods 

There  are  aperture  antennas  that  can  be  advanta¬ 
geously  addressed  with  analysis  approaches  known  as 
full-wave  methods.  The  application  of  such  methods 
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Table  2,  Radiation  characteristics  of  various  circular  aperture  distributions 


Type  of 
distribution 


Comments 


Parameter 

Ki 


Parameter 

K2 


Parameter 


r*  Sidelobe 
Level,  dB. 


Peak  Gain 
Relative  to 
Uniform 


Uniform 


59.33 


140.00 


93.67 


-17.66 


0.0 


Cosine  raised 
to  power  “  n  " 


n  =  1 
n  =  2 
n  =  3 
n  =  4 
n  =  5 


74.67 

88.00 

99.33 

110.00 

120.00 


194.67 
250.00 

306.67 

362.67 
420.00 


119.33 

145.50 

173.00 

200.30 

228.17 


Cosine  on 
pedestal  “P” 


P  =  0.0 
P  =  0.1 
P  =  0.2 
P  =  0.3 
P  =  0.4 
P  =  0.5 


-26.07 

-33.90 

-41.34 

-48.51 

-55.50 


74.67 

70.67 

68.67 
66.00 

64.67 
63.33 


194.67 
183.33 
174.00 
166.00 
159.60 

154.67 


119.33 

112.67 

107.83 
104.17 
99.47 

97.83 


-26.07 

-25.61 

-24.44 

-23.12 

-21.91 

-20.85 


-1.42 

-2.89 

-4.04 

-4.96 

-5.73 


-1.42 

-0.98 

-0.66 

-0.43 

-0.27 

-0.17 


Parabolic 
raised 
to  power  “  n  ’ 


n  =  0 
n  =  1 
n  =  2 
n  =  3 
n  =  4 


59.33 

72.67 

84.67 

94.67 
104.00 


140.00 

187.33 
232.67 
277.20 

320.33 


93.67 

116.33 

138.67 
160.17 

181.33 


-17.66 

-24.67 

-30.61 

-35.96 

-40.91 


0.0 

-1.24 

-2.55 

-3.58 

-4.43 


has  rapidly  expanded  with  the  explosion  of  high 
power  PC  computers  in  recent  decades.  Analysis 
methods  are  called  full-wave  when  they  start  with  the 
fundamental  equations  of  electromagnetics  and  discre¬ 
tize  them  such  that  they  can  be  reduced  to  linear  ma¬ 
trix  equations  suitable  for  solving  by  a  computer.  The 
advantage  is  that  there  are  no  approximations  in  prin¬ 
ciple.  only  the  size  of  the  discrete  interval,  which  is 
usually  between  10  and  20  intervals  per  wavelength. 
There  are  three  primary  full-wave  methods  used  in 
electromagnetics;  the  finite  element  method  (FEM) 
[15-18],  the  method  of  moments  (MOM)  [19-21],  and 
the  finite  difference  time  domain  (FDTD)  method  [22, 
23].  The  MOM  discretizes  Maxwell’s  wave  equations 
in  their  integral  form,  the  FDM  discretizes  the  equa¬ 
tions  in  the  differential  form,  and  the  FEM  method 
discretizes  the  equations  after  casting  them  in  a  varia¬ 
tional  form.  All  three  techniques  have  been  applied  to 
aperture  antenna  analysis  [24-26]. 

The  MOM  method  finds  natural  application  to  an¬ 
tennas  because  it  is  based  on  surfaces  and  currents, 
whereas  the  other  two  methods  are  based  on  volumes 
and  fields.  This  means  that  for  MOM,  only  the  an¬ 
tenna  aperture  surface  structure  must  be  discretized 
and  solved,  whereas  for  FEM  and  FDTD,  all  volumes 
of  interest  must  be  discretized.  For  antenna  radiation, 
the  far  field  would  require  an  inordinate  amount  of 
space  were  it  not  for  the  recent  development  of  ab¬ 
sorbing  boundary  conditions.  These  boundary  condi¬ 
tions  approximate  the  radiation  conditions  of  infinite 
distance  in  the  space  very  near  the  radiating  structure. 

The  MOM  works  by  solving  for  currents  on  all  sur¬ 
faces  in  the  presence  of  a  source  current  or  field.  The 
radiated  field  is  then  obtained  by  integration  of  these 
currents,  much  like  it  was  obtained  in  the  physical 
optics  approaches.  Thus,  the  MOM  can  be  applied  to 
any  aperture  antenna  that  the  PO  technique  can  be 
applied  to,  unless  the  problem  is  too  large  for  the 


available  computer  resources.  Ensemble  [27]  is  com¬ 
mercially  available  software  package  that  is  a  2.5- 
dimensional  MOM  program  used  primarily  for  patch 
antennas  or  antennas  that  can  be  modeled  as  layers  of 
dielectrics  and  conductors.  If  the  top  layer  is  a  con¬ 
ductor  with  radiating  holes,  the  holes  are  aperture 
antennas,  which  this  program  is  designed  to  analyze. 

There  is  another  full-wave  commercial  software 
packages  that  are  widely  used  for  aperture  antenna 
problems,  the  High  Frequency  Structure  Simulator 
(HFSS)  [28].  This  is  a  3-dimensional  FEM  software 
package  with  extensive  modeling  and  automatic 
meshing  capability.  It  is  best  for  horn  antennas  or 
other  kinds  of  antennas  formed  by  apertures  in  various 
non-layered  structures.  The  latest  version  uses  the 
“perfectly  matched  layer”  type  of  absorbing  boundary 
conditions. 

In  practice,  full-wave  methods  cannot  be  directly 
applied  to  high-gain  aperture  antennas  like  reflectors 
or  lenses  without  difficulties  because  these  structures 
are  usually  many  wavelengths  in  size  which  requires 
large  amount  of  computational  resources.  Often,  how¬ 
ever,  if  there  is  symmetry  in  the  problem  that  can  be 
exploited,  the  number  of  unknowns  for  which  to  solve 
can  be  greatly  reduced.  For  instance,  a  high  gain  re¬ 
flector  antenna  that  has  circular  symmetry'  allows  for 
body-of-revolution  (BOR)  symmetry  [29.  30]  simpli¬ 
fications  in  the  modeling.  Similarly,  a  large  lens  re¬ 
quires  a  computer  program  with  dielectric  capability 
[31]  in  addition  to  BOR  symmetry  modeling. 
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ABSTRACT 

In  recent  decades,  adaptive  arrays  have  been  widely  used  in  sonar,  radar,  wireless 
communications,  microphone  array  speech  processing,  medical  imaging  and  other 
fields.  In  practical  array  systems,  traditional  adaptive  bcamforming  algorithms  arc 
known  to  degrade  if  some  of  exploited  assumptions  on  the  environment,  sources,  or 
antenna  airay  become  wrong  or  imprecise.  Therefore,  the  robustness  of  adaptive 
beamforming  techniques  against  environmental  and  array  imperfections  and  uncer¬ 
tainties  is  one  of  the  key  issues. 

In  this  paper,  we  present  an  overview  of  recent  trends  and  advances  in  the  field  of 
robust  adaptive  bcamforming. 

Keywords:  Robust  adaptive  beam  forming,  worst-case  performance  optimization, 
diagonal  loading,  array  response  mismatch,  uncertainty  set. 


1.  Introduction 

The  traditional  approach  to  the  design  of  adaptive  be- 
amformers  assumes  that  no  components  of  the  desired 
signal  are  present  in  the  beamformer  training  data  [I], 
[2].  In  such  a  case,  adaptive  beamforming  is  known  to 
be  sufficiently  robust  against  errors  in  the  array  re¬ 
sponse  to  the  desired  signal  and  limited  training  sam¬ 
ple  size  and  a  variety  of  rapidly  converging 
techniques  have  been  developed  for  this  case  [1],  Al- 
though  the  assumption  of  signal-free  training  snap¬ 
shots  may  be  relevant  in  certain  specific  cases  (e.g.,  in 
some  radar  and  active  sonar  problems),  there  are 
many  applications  where  the  interference  and  noise 
observations  are  always  ’’contaminated”  by  the  signal 
component. 

Typical  examples  of  such  applications  include 
wireless  communications,  passive  sonar,  microphone 
array  speech  processing,  and  medical  imaging.  It  is 
well  known  that  even  in  the  ideal  case  where  the  sig¬ 
nal  steering  vector  (array  response)  is  precisely  known 
at  the  receiving  sensor  array,  the  presence  of  the  de¬ 
sired  signal  in  the  training  data  snapshots  can  lead  to 
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essentially  reduced  convergence  rates  of  adaptive 
beam-forming  algorithms  relative  to  the  signal-free 
training  data  case  [3],  [4].  This  may  cause  a  severe 
performance  degradation  of  adaptive  beamforming 
techniques  in  scenarios  with  a  small  training  sample 
size. 

In  practical  situations,  the  performance  degradation 
of  adaptive  beamforming  techniques  may  become 
even  more  substantial  because  of  a  possible  violation 
of  underlying  assumptions  on  the  environment, 
sources,  or  sensor  array.  One  of  typical  causes  of  such 
a  performance  degradation  is  a  mismatch  between  the 
nominal  (presumed)  and  actual  array  responses  to  the 
desired  signal.  Adaptive  array  techniques  are  known 
to  be  very  sensitive  even  to  slight  errors  of  this  type 
because  in  the  presence  of  such  errors  adaptive  beam- 
formers  tend  to  misinterpret  the  desired  signal  com¬ 
ponents  in  array  observations  as  an  interference  and  to 
suppress  these  components  by  means  of  adaptive 
nulling  instead  of  maintaining  distortionless  response 
towards  them  [3],  [4].  This  phenomenon  is  often  re¬ 
ferred  to  as  signal  self-nulling. 

Errors  in  the  array  response  to  the  desired  signal 
frequently  occur  in  practice  because  of  look  direction 
errors,  imperfect  array  calibration  (distorted  array 
shape),  as  well  as  unknown  environmental  wavefront 
distortions,  local  scattering,  and  sensor  mutual  cou¬ 
pling.  Another  typical  cause  of  array  response  errors 
in  wireless  communications  is  a  restricted  amount  of 
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pilot  symbols/intervals.  In  such  cases,  robust  ap¬ 
proaches  to  adaptive  beamforming  are  required  [3,  5- 
7]. 

Besides  array  response  errors,  performance  degra¬ 
dation  of  adaptive  beamforming  can  be  additionally 
caused  by  a  nonstationary  character  of  the  beamfo- 

rmer  training  data  [8-10].  This  phenomenon  can  be 
caused  by  a  nonstationary  behavior  of  the  propagation 
channel,  by  interferer  and  antenna  motion,  as  well  as 
antenna  vibration.  There  are  several  implications  of 
such  a  nonstationarity.  First  of  all,  it  naturally  restricts 
the  training  sample  size  and  leads  to  a  degraded  per¬ 
formance  of  adaptive  beamforming  algorithms  even  in 
the  case  of  signal-free  training  snapshots.  Further¬ 
more,  if  the  desired  signal  is  present  in  the  beam- 
former  training  snapshots,  this  type  of  degradation 
becomes  much  stronger  than  in  the  signal-free  training 
data  case  [3,  4].  Finally,  in  the  case  of  rapidly  moving 
interferers  the  performance  can  break  down  because 
the  array  weights  are  not  able  to  adapt  fast  enough  to 
compensate  for  the  interferer  motion.  Therefore,  inter¬ 
ference  cancellation  may  be  insufficient  in  such  cases 
where  robust  approaches  to  adaptive  beamforming  are 
required  [3,  5-7].  The  same  situation  occurs  in  the 
case  of  moving  antenna  arrays,  e.g.,  towed  arrays  of 
hydrophones  in  sonar  [11]  or  moving  antenna  plat¬ 
forms  in  airborne  applications  [10]. 


2.  Traditional  Approaches 

The  beamformer  output  is  given  by 

y{k)  =  x{k) ,  (1) 


where  k  is  the  time  index,  x{k)  is  the  M  x  1 
complex  vector  of  array  observations,  w  is  the 
M  X  1  complex  vector  of  beamformer  weights,  M  is 
the  number  of  array  sensors,  and  is  the  Hermi- 
tian  transpose.  The  training  snapshot  vector  is  given 
by 

x(t)  =  s^{t)  +  i{t)  -f  n(i),  (2) 


where  s,,(i) ,  i(i) ,  and  n(i)  are  the  statistically  in¬ 
dependent  components  of  the  desired  signal,  interfer¬ 
ence,  and  sensor  noise,  respectively.  In  the  particular 
case  when  the  desired  signal  is  a  point  source  and  has 
a  time-invariant  wavefront,  we  have  Sg{t)  = 


as  where  s(^)  is  the  complex  signal  waveform  and  as 

is  the  M  X  1  signal  steering  vector. 

The  optimal  weight  vector  can  be  obtained  through 
maximizing  the  Signal-to-Interference-plus-Noise 
Ratio  (SINK)  [I ] 


SINK  = 


where 

R,  4  E{s,(i)s/(0} 


(3) 

(4) 


and 


Ri+n  =E{[i(0  +  nW][i(t)  +  n(0f  }  (5) 

are  the  M  x  M  signal  and  interference-plus-noise 
co-variance  matrices,  respectively,  and  Ei->  denotes 
the  statistical  expectation.  Generally,  the  matrix  Rg 
can  have  an  arbitrary  rank,  i.e., 

1  <  rank{Rs  }  <  M  .  (6) 

However,  in  the  special  case  of  a  point  signal 
source  we  have 

Rs  =  as  af  (7) 

and,  hence,  rank{Rs}  =  l,  where 
(jg  =  E{|  s{t)  1^  } .  It  is  well  known  that  the  SINR  in 

(3)  can  be  maximized  via  maintaining  distortionless 
response  to  the  desired  signal  while  minimizing  the 
output  interference-plus-noise  power: 

miiiw^  Ri+n  w  s.  t.  Rg  w  =  1 .  (8) 

w 

In  the  rank-one  signal  case,  the  constraint  in  (8)  can 
be  rewritten  in  a  more  familiar  form  ag  =  1 .  This 

approach  is  usually  referred  to  as  the  Minimum  Vari¬ 
ance  Distortionless  Response  (MVDR)  beamforming. 
The  solution  to  (8)  is  given  by 

Wopt  =  />{Rr+nRs},  (9) 

where  p{}  is  the  operator  which  returns  the  prin¬ 
cipal  eigenvector  of  a  matrix.  In  the  rank-one  signal 
case,  the  solution  (9)  can  be  rewritten  in  a  more  famil¬ 
iar  form  [I] 

'Vopt  =  o:Rr+\i  ag ,  (10) 

wherea  =  (af  Rr+„  as)"^  In  practical  applica¬ 
tions,  the  matrix  Ri+„  is  unavailable  and  is  replaced 
in  (9)  and  (10)  by  the  sample  covariance  matrix  [1] 

where  X  =  [x(l),x(2),...,x(Ar)]  is  the  MxN  ma- 

trix  of  the  beamformer  training  data  and  N  is  the 
number  of  snapshots  available  (training  sample  size). 

One  of  the  most  popular  approaches  to  robust  adap¬ 
tive  beamforming  in  the  cases  of  arbitrary  signal  array 
response  errors  and  small  training  sample  size  is  the 
diagonal  loading  method  [5],  [12],  [13],  [14].  Its  key 
idea  is  to  regularize  the  solution  for  the  weight  vector 
[13]  by  adding  a  quadratic  penalty  term  to  the  objec¬ 
tive  function  in  (8)  as 

min  Rw  -f  7w^  w  s.  t.  Rg  w  =  1 ,  (12) 

w 

where  7  is  the  loading  factor.  The  solution  to  (12) 
is  given  by 

wdl  =>{(R  +  7ir'Rs},  (13) 
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where  I  is  the  identity  matrix.  In  the  rank-one  sig¬ 
nal  case,  this  solution  can  be  written  in  a  more  famil¬ 
iar  form  [5],  [13],  [14] 

wdl  (R  +  Tir^ag.  (14) 

It  is  well-known  that  diagonal  loading  can  improve 
the  adaptive  beamforming  performance  in  scenarios 
with  an  arbitrary  signal  array  response  mismatch  [3], 
[5],  [13].  However,  the  main  shortcoming  of  this 
method  is  that  there  is  no  easy  and  reliable  way  of 
choosing  the  parameter  7  . 

Another  popular  approach  to  robust  adaptive  beam¬ 
forming  is  the  eigenspace-based  beamformer  [4],  [15]. 
This  approach  is  only  applicable  to  the  point  signal 
source  case.  The  key  idea  of  this  method  is  to  use, 
instead  of  the  presumed  steering  vector  as,  the  projec¬ 
tion  of  as  onto  the  sample  signal-plus-interference 
subspace.  Write  the  eigendecomposition  of  (1 1)  as 

R  ==  eAe^  -hGfG^,  (15) 

where  the  M  x  (L  -f- 1)  matrix  E  contains  the 
I  +  1  signal-plus-interference  subspace  eigenvectors 
of  R ,  and  the  (L  -h  1)  x  (L  -j- 1)  diagonal  matrix  A 
contains  the  corresponding  eigenvalues  of  this  matrix. 
Similarly,  the  M  x{M  -  L-l)  matrix  G  contains 
the  (M  —  T  —  1)  noise-subspace  eigenvectors  of  R, 
while  the  (M  —  L  —  1)  x  {M  —  L  —  1)  diagonal  ma¬ 
trix  r  is  built  from  the  corresponding  eigenvalues. 
The  number  of  interfering  sources  L  is  assumed  to  be 
know^n.  The  weight  vector  of  the  eigenspace-based 
beamformer  is  given  by 

w,.ij.=R"^v,  (16) 

where  v  =  Pj,as  and  Pj,  =  E(E^E)"^E^  = 

—  EE^  is  the  orthogonal  projection  matrix  onto  the 
estimated  signal-plus-interference  subspace. 

When  used  in  adequate  situations,  the  eigenspace- 
based  beamformer  is  known  to  be  one  of  the  most 
powerful  techniques  applicable  to  arbitrary  steering 
vector  mismatch  case  [15].  However,  very  serious 
shortcomings  of  this  approach  are  that  it  is  entirely 
based  on  the  low-rank  stationary  model  of  the  training 
data  and  requires  exact  knowledge  of  L.  Furthermore, 
this  approach  is  limited  to  high  Signal-to-Noise-Ratio 
(SNR)  cases  because  at  low  SNRs  the  estimation  of 
the  projection  matrix  onto  the  signal-plus-interference 
subspace  breaks  down  due  to  a  high  probability  of 
subspace  swaps  [16]. 

In  situations  with  nonstationary  training  data,  sev¬ 
eral  advanced  methods  have  been  developed  to  miti¬ 
gate  performance  degradation  of  adaptive  beamform- 
ers.  In  [10],  a  power  series  expansion  based  approach 
is  used  to  obtain  a  class  of  robust  solutions  for  non¬ 
stationary  array  weights.  However,  the  algorithms 
obtained  are  restricted  by  scenarios  with  slowly  mov¬ 
ing  jammers  only.  To  preserve  the  adaptive  array  per¬ 
formance  in  situations  with  a  higher  mobility  of  in- 


terferers,  several  authors  exploited  the  idea  of  artifi¬ 
cial  broadening  the  adaptive  beampattem  nulls  in  un¬ 
known  interferer  directions  using  either  point  [8],  [9], 
[11]  or  derivative  [l7]-[20]  null  constraints.  The  first 
approach  is  usually  referred  to  as  the  Data-Driven 
Constraints  (DDC)  method,  while  the  second  one  is 
called  the  Matrix  Taper  (MT)  method.  Relationships 
between  the  DDC  and  MT  approaches  have  been 
studied  in  [21]  where  it  has  been  shown  that  the  DDC 
method  can  be  interpreted  and  implemented  as  a  spe¬ 
cific  form  of  matrix  taper. 


3.  Recent  Advances 

As  follows  from  the  previous  section,  all  traditional 
approaches  to  robust  adaptive  beamforming  are  ad 
hoc  techniques.  Only  recently  have  some  theoretically 
rigorous  robust  adaptive  beamforming  approaches 
been  proposed  in  this  field  [16,22-28].  A  common 
idea  used  in  these  algorithms  is  to  define  the  so-called 
uncertainty  sets  and  optimize  worst-case  performance. 

First  of  ail,  let  us  consider  the  non-point  signal 
source  case  and  discuss  the  robust  beamformer  de¬ 
rived  in  [24-25].  Following  this  work,  we  assume  that 
both  the  signal  and  interference-plus-noise  covari¬ 
ance  matrices  are  known  with  some  errors.  That  is, 
there  is  always  a  certain  mismatch  between  the  actual 
and  presumed  values  of  these  matrices.  This  yields 

R,=Rs+A,,  (17) 

(18) 

where  Rj.  and  are  the  presumed  signal  and 
interference-plus-noise  covariance  matrices,  respec¬ 
tively,  whereas  R^  and  R|+,^  are  their  actual  values. 
Here,  Aj  and  A2  are  the  unknown  matrix  mis¬ 
matches. 

In  the  presence  of  the  mismatches  Aj  and  A2, 

equation  (3)  for  the  output  SINR  of  an  adaptive  array 
has  to  be  rewritten  as 


SINR  = 


w^^RjW 

w”Rh„w 


(19) 


Let  Aj  and  A2  be  norm-bounded  by  some  known 
constants  [24] 

iA,|<£,  ||A,|<y.  (20) 

where  I'H  denotes  the  Frobenius  norm.  Note  that 

(20)  defines  the  uncertainty  sets  for  the  signal  and 
interference-plus-noise  covariance  matrices,  respec¬ 
tively.  To  provide  robustness  against  possible  norm- 
bounded  mismatches  as  in  (20),  it  has  been  proposed 
in  [24]  and  [25]  to  obtain  the  beamformer  weight  vec¬ 
tor  by  means  of  maximizing  the  worst-case  output 
SINR: 
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w”  (Rj  +A,)w 

max  min — — - - — 

w  A„A2  w“  (Rj+n  +A,)w  ,  (21) 

v||a,||<£,||a2||<y 

where  A,  and  A2  are  Hermitian  matrices. 

The  problem  (21)  can  be  rewritten  as 

min  w^(R, +A,)w 
— — — 

w  min  w^  (Rj+„  +  A2)w  .  (22) 

v||a,1|<£,||A2||<y 

Using  the  Lagrange  multiplier  method,  it  has  been 
proved  in  [24]  that,  if  e  is  smaller  than  the  maximal 
eigenvalue  of  R, ,  the  problem  (22)  is  equivalent  to 

min  w*^  (Rj+n +yI)w  s.t.  w^  (Rj +£l)w=l  .(23) 

W 

Similar  to  (8),  the  solution  to  the  robust  MVDR 
beam-forming  problem  (23)  can  be  expressed  in  a 
closed-form.  After  replacing  byR,  it  can  be 

written  as  [24-25] 

Wrob  =  p{(R  +  7I)  (Rs  +  el)}  .  (24) 

From  (24),  it  is  clear  that  the  worst-case  perform¬ 
ance  optimization  approach  leads  to  a  new  diagonal 
loading  based  beamformer  where  both  the  negative 
and  positive  types  of  diagonal  loading  are  used. 

Unfortunately,  the  beamformer  (24)  does  not  take 

into  account  that  'ks  must  be  non-negative  definite. 
Although  ignoring  this  non-negative  definiteness  con¬ 
straint  we  simply  "strengthen”  the  worst  case  and  this 
does  not  affect  the  performance  of  the  robust  beam- 
former  in  most  of  scenarios  [24],  it  is  interesting  to 
consider  a  more  adequate  formulation  of  the  robust 
beam  forming  problem  that  can  take  into  account  this 
constraint.  For  the  point  source  case,  this  problem  has 
been  recently  addressed  in  [16]  and  [26],  Following 
this  approach,  let  us  consider  the  signal  steering  vec¬ 
tor  mismatch 

5=  a, -a,,  (25) 

instead  of  the  signal  covariance  matrix  mismatch 
AI  of  (17).  Here,  as  and  as  are  the  actual  and  pre¬ 
sumed  steering  vectors,  respectively.  Similar  to  (20), 
we  assume  that  the  norm  of  the  mismatch  vector  is 
bounded  as  [16] 

l8||<e,  (26) 

where  the  constant  e  is  known.  The  idea  is  to  in¬ 
corporate  robustness  into  the  MVDR  beamforming 
problem  by  means  of  imposing  the  distortionless  re¬ 
sponse  constraint  which,  for  all  mismatched  steering 
vectors,  guarantees  that  the  array  response  is  not 
smaller  than  one.  Using  such  a  constraint,  the  robust 
formulation  of  the  MVDR  adaptive  beamformer  can 
be  written  as  the  following  constrained  minimization 
problem  [16] 
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min  Rw  s.t.  I w^  (a ,  -h  5  )|  >  1  V  ||6|  <  e .  (27) 

Note  that  the  main  modification  with  respect  to  the 
original  rank-one  MVDR  problem  is  that  instead  of 
requiring  fixed  distortionless  response  towards  the 
single  steering  vector  as,  such  distortionless  response 
is  now  maintained  in  (27)  by  means  of  inequality  con¬ 
straints  for  a  continuum  of  all  possible  steering  vec¬ 
tors  given  by  the  uncertainty  set 

{c\c  =  si^+  6,  ||8||  <  e} .  (28) 

The  constraints  in  (27)  guarantee  that  the  distor¬ 
tionless  response  will  be  maintained  in  the  worst  case, 
i.e.,  for  the  particular  vector  8(|8||<e)  which  corre¬ 
sponds  to  the  smallest  value  of  |  w^  (a,.  +8)  | 

It  has  been  proven  in  [16]  that  if  |w^a5|>e||w|then 
the  problem  (27)  is  equivalent  to 

minw^Rw  s.t.  w^a,  >e|w||+l.  (29) 

w 

Note  that  the  original  problem  (27)  appears  to  be 
computationally  intractable,  whereas  (29)  represents 
the  so-called  Second-Order  Cone  (SOC)  program¬ 
ming  problem  which  can  be  easily  solved  using  stan¬ 
dard  and  highly  efficient  interior  point  method 
software  [29]. 

Interestingly,  the  inequality  constraint  in  (29)  can 
be  proven  to  be  equivalent  to  the  equality  constraint 
w^a,.  >  e||w|  +  l  [16],  [26].  Taking  this  into  account, 
we  can  rewrite  (29)  as 

minw^Rw  s.t.  |w^a, -1 1>  e'wV .  (30) 

W 

The  solution  to  (30)  can  be  found  by  means  of  La¬ 
grange  multiplier  method  and  can  be  expressed  in  the 
following  form: 

w= - - — IT - ( R  +  Ae^I )  a..  .(3 1 ) 

Aaf  (R-h  Ae'^l)  a,  -1 

Equation  (31)  shows  that  the  robust  beamformer  in 
(29)  belongs  to  the  class  of  diagonal  loading  tech¬ 
niques.  Note,  however,  that  it  is  not  possible  to  use 
(31)  directly  for  computing  the  optimal  weight  vector 
because  it  is  not  clear  how  to  obtain  the  Lagrange 
multiplier  A  in  a  closed  form. 

Several  extensions  of  this  approach  have  been  con¬ 
sidered.  In  [26],  the  robust  formulation  (27)  has  been 
extended  to  the  case  where  the  uncertainty  is  anisot¬ 
ropic  [26],  Furthermore,  the  authors  of  [26]  and  [27] 
derived  several  alternative  algorithms  based  on  New¬ 
ton's  method  rather  than  SOC  programming. 

In  [22],  the  approach  of  [16]  has  been  extended  to 
the  case  in  which,  besides  the  steering  vector  mis¬ 
match,  there  is  a  nonstationarity  of  the  training  data 
(which  may  be  caused  by  nonstationary  interferers 
and  propagation  channel,  as  well  as  antenna  motion  or 
vibration).  The  approach  of  [22]  suggests,  instead  of 
modelling  uncertainty  in  the  covariance  matrix  (as  in 
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(18)),  to  model  such  an  uncertainty  by  means  of  add¬ 
ing  it  directly  to  the  data  matrix  X .  To  take  into  ac¬ 
count  nonstationarity  of  the  training  data,  let  us 
introduce  the  mismatch  matrix 


A  =  X~X,  (32) 

where  X  and  X  are,  respectively,  the  actual  and 
presumed  data  matrices  at  the  beamforming  sample 
(which  is  often  referred  to  as  the  test  cell).  The  pre¬ 
sumed  data  matrix  X  corresponds  to  the  actually  re¬ 
ceived  data.  However,  in  on-line  problems,  this  data 
corresponds  to  the  measurements  that  are  made  prior 
to  the  test  cell.  Therefore,  because  of  nonstationarity 
effects,  such  past  data  samples  may  inadequately 
model  the  test  cell,  where  the  actual  data  matrix  is 
unknown  and  equal  to  X  .  Hence,  in  the  nonstationary 
case,  the  actual  sample  covariance  matrix  can  be  writ¬ 
ten  as 


i  =  ;^xx"  =  1(x+/)(x+/)"k  (33) 

It  is  important  to  stress  that,  according  to  (33),  the 

matrix  R  is  guaranteed  to  be  Hermitian  and  non¬ 
negative  definite.  However,  this  matrix  is  unknown 
because  the  type  of  nonstationarity  (and,  therefore,  the 
mismatch  A )  are  unknown. 

To  combine  the  robustness  against  interference 
nonstationarity  and  steering  vector  errors,  the  authors 
of  [22]  use  ideas  similar  to  that  proposed  in  [16]  and 
[26].  That  is,  they  assume  that  the  norms  of  both  the 
steering  vector  mismatch  5  and  the  data  matrix  mis¬ 
match  A  are  bounded  by  known  constants: 

|8l|<r,  ||A||<ii,  (34) 

Then,  the  robust  formulation  of  the  MVDR  beam¬ 
forming  problem  can  be  written  in  the  following  form 
[22]: 


min  max 

w  ||a||<ti 


{X  +  A)”w|| 
s.t.  iw“(a,  +8)|>l,  V|(a|<c 


(35) 


This  problem  further  extends  (27)  by  means  of  in¬ 
corporating  an  additional  robustness  against  nonsta¬ 
tionary  training  data.  The  essence  of  (35)  is  that  the 
output  power  of  adaptive  beamformer  is  minimized 
for  the  scenario  with  the  worst-case  nonstationarity  of 
the  training  data  subject  to  the  additional  constraint 
which  maintains  distortionless  response  for  the  worst- 
case  steering  vector  mismatch. 

To  simplify  the  problem  (35),  the  authors  of  [22] 
have  proved  that 

max  ||(X  +  A)”  w 
|A||<n  ll^  ’ 


X»w||+Tiiw||.  (36) 


Using  (36)  and  further  transforming  the  constraint 
(see  (29)),  the  problem  (35)  has  been  converted  to 

mJn|x”w||+Ti||w||  s.t.  w"a,  >c||w||  +  I ,  (37) 


which  can  be  viewed  as  an  extended  version  of 
(29).  Note  that  (37)  also  belongs  to  the  class  of  SOC 


programming  problems  and  can  be  efficiently  solved 
using  standard  interior  point  method  software  [29]. 
The  combination  of  the  approach  (37)  and  the  matrix 
taper  method  of  [17-20]  has  been  considered  in  [23]. 

4.  Conclusions 

In  this  paper,  robustness  issues  that  emerge  in 
adaptive  beamforming  have  been  considered.  The 
term  "robustness"  can  be  understood  as  a  certain 
number  of  formal  constraints  or  ad-hoc  modifications 
that  are  incorporated  into  adaptive  beamforming  algo¬ 
rithms  to  preserve  them  from  degradation  under  a 
certain  model  mismatch. 

In  summary,  the  area  of  robust  adaptive  beamforming 
remains  a  field  of  intensive  study  over  many  years. 
Current  and  future  research  trends  in  this  field  include 
the  design  of  robust  beamformers  based  on  the  idea  of 
worst-case  performance  optimization,  the  develop¬ 
ment  of  techniques  which  combine  different  types  of 
robustness  into  a  single  scheme,  their  performance 
study  in  application  to  a  variety  of  practical  problems, 
as  well  as  investigation  of  theoretical  relationships 
between  new  algorithms  emerging  in  this  field. 
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Abstract 

In  the  paper,  there  is  eompared  the  effectiveness  of  two  types  of  adaptive  detectors 
of  Gaussian  coherent  signals  against  the  background  of  Gaussian  correlated  interfer¬ 
ence  -  with  coherent  and  non-coherent  integration  of  output  signals  of  an  interference 
canceller.  It  is  shown  that  at  the  maximum  likelihood  estimation  of  the  adaptive  can¬ 
celler  parameters,  the  detector  with  non-coherent  integration  can  be  not  only  simpler 
but  also  more  effective. 


1.  Introduction 

The  optimal,  by  the  Neuman-Pearson  criterion,  detector 
of  coherent  signal  of  a  point  target  against  the  back¬ 
ground  of  Gaussian  correlated  interference  should  incor¬ 
porate  either  a  whitening  or  converting  filter  -  an 
interference  canceller  (IC)  and  a  coherent  integrator  (Cl) 
matched  with  a  determining  parameter  a  (as  parameter 
a ,  there  can  be  a  direction  of  arrival,  a  frequency  or 
other)  of  the  target  signal  [1-3].  Under  typical  for  prac¬ 
tice  conditions,  when  parameter  a  is  a  priori  unknown 
there  should  be  provided  either  Cl  readjustment  or  an 
assortment  of  conditions  for  all  the  parameter  values  at 
possible  range  of  its  change.  The  first  way  often  is  unac¬ 
ceptable  due  to  strong  time  limitations,  the  second  one  - 
because  of  great  apparatus  expenses. 

By  this  reason,  in  practice,  significantly  simpler 
non-coherent  integrators  (NCI)  of  IC  output  signals 
are  used.  A  great  attention  is  paid  in  literature  [1,  4-9 
and  other]  to  the  analysis  of  losses  associated  with 
this.  There  is  shown,  in  particular,  that  the  more  an 
interval  (spatial,  time,  or  space-time)  of  non-coherent 
integration,  the  higher  their  level. 

However,  in  the  mentioned  works,  as  well  as  at  a 
number  of  other  ones,  NCI  losses  are  computed  for 
non-adaptive  detectors,  wherein  parameters  of  the 
receiving  tract,  including  IC  as  well,  are  fixed.  In 
adaptive  detectors,  IC  parameters  are  formed  over 
training  samples  with  a  finite  volume  and  therefore 
are  random.  This  randomness  variously  influences  on 
the  efficiencies  of  Cl  and  NCI,  and,  as  it  is  shown 
below,  in  certain  situations,  can  change  a  steady  no¬ 
tion  of  their  comparative  advantages. 

The  paper  is  arranged  in  the  following  manner.  In 
item  2,  the  problems  under  solving  and  used  assump¬ 


tions  are  formulated.  In  item  3,  there  are  compared 
indices  of  optimum  (with  Cl)  and  non-optimum  (with 
NCI)  detectors  of  coherent  signal  at  IC  with  fixed 
parameters.  In  item  4,  adaptive  detectors  with  coher¬ 
ent  and  non-coherent  integration  of  IC  output  signals 
with  random  parameters  are  compared, 

2.  Problem  Formulation 

The  problem  under  solving  is  in  comparison  of  four 
versions  of  detectors  differing  in  species  of  the  used 
pre-threshold  statistics,  in  the  value  of  the  probability 
of  detection  (PD) 

OC 

^  =  (I) 

3^1) 

at  the  fixed,  owing  to  choosing  corresponding  thresh¬ 
old  I,) ,  the  probability  of  false  alarm  (PFA) 

OC 

P  =  j dx  .  (2) 

Here  <.xy  is  the  distribution  density  of  compared 
statistics  =  ^(u., )  in  the  absence  (7  =  0)  and 
presence  (7  =  1)  of  the  useful  (expected)  signal 
=  {^.v/}  iLj  in  an  additive  mixture 

=  K  i}  fix  =  y  +  7  •  Xs,  7  =  0,1  (3) 

with  interference  y  =  {y,}  fij. 

Terms  in  (3)  are  assumed  to  be  independently 
complex,  normal  M  -dimensional  vectors 

y  -  CN(0,^)  (4a) 

Xs  =  0 ’X,  0  ~  CN{0,cr'^),  (4b) 
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with  zero  mean  values  ( y  =  Xs  —  0 )  and  M  x  M 
correlation  matrices  (CM) 

$  =  y.y*,  rank$  =  M, 

$3  =  Xs  •  X*  =  cTs  •  X  •  x*,rank$s  =  1, 

where 

X  =  {xi}fLi  =  X  (q  ),  X*  •  X  <  M  (5b) 

is  the  steering  (non-random)  M  -dimensional  vector 
of  expected  signal  (4b)  with  power  an  over¬ 
scribed  bar  and  (*)  are  symbols  of  statistical  averag¬ 
ing  and  Hermitian  conjugate,  respectively. 

In  situations  (4),  (5),  vector  (3) 

u,.  -  C'iV(0,4>„)  (6) 

has  a  zero  mean  value  and  CM 

7  =  0. 

2  *  1 

$  -h  (7|XX  ,  7  =  1- 

The  pre-threshold  statistics  being  analyzed  are  equal  to 
7?,  =t;.x,  t,  (8a) 

=p;,.p„  p,  ={p,J^i=H.u,;  (8b) 

H*H  =  (9) 

f  >  %  =  **  •  X,  =  $  •  u.,;  (10a) 

H*H  =  f  =  $"\  (11) 


Random  matrix  A  determining  estimate  (12)  under 
such  conditions  has  the  Wishart  complex  distribution 
with  a  density  [10] 

p(A)  =  Cj A|^  exp{-tr^  •  A},  ^  >  0,  (15) 

where  C  is  the  normalizing  constant, 
6  =  K  -  M  >0  isthe  “effective”  volume  of  training 
sample,  trB  and  |B|  are  the  matrix  B  trace  and  de¬ 
terminant,  respectively. 

For  the  formulated  conditions  (4y-(7),  (12)-(15),  there 
are  defined  below  densities  of  the  distribution  ca;>  of 

statistics  (8),  (10)  and  the  following  from  them  character¬ 
istics  (1),  (2)  of  the  corresponding  detectors. 


3.  Comparison  OF  Potentialities  OF 
Detectors  with  CI  and  NCI 

Let  us  start  from  the  well  known  and  simplest  statis¬ 
tics  (8a)  of  an  optimal  detector.  By  virtue  of  (5>-(7), 
(9),  vector 

t,.  -  CA(0,$t),  €>t  = 

p,  -  (7A(0,?,,), 


_  ,  Co  ^ 

A,  =  X  =  ■  -  -  , 


7  =  0, 


and,  consequently,  statistics  (8a)  has  the  exponential 
distribution  [11] 

Pj^  (a;)  =  iexp{  }  (17) 


In  the  considered  situations  (4)  —  (7),  the  first  of  them 
(8a)  corresponds  to  an  optimal  detector,  wherein  there  is 
compared  with  a  threshold  a  squared  modulus  of  the 
coherent  sum  rj^  of  elements  of  vector  t.,  =  fLi 

of  output  signals  of  a  converting  filter  (with  the  M  x  M 
matrix  impulse  characteristic  (MIC)  equal  to  matrix  ^ 
(9)  [3,  p.  716]).  The  second  statistics  (8b)  is  formed  of 
NCI  (Tjy  summing  squared  modules)  elements  of  vector 
P-.  =  {  P-),  }  ^=1  signals  of  the  whitening 

filter  (with  MxM  MIC  H  is  the  matrix  “root”  of 
matrix  represented  as  in  (9)  [3,  p.  714]). 

Statistics  (10)  are  “adaptive  analogues”  of  statistics 
(8),  wherein  CM  (a  priori  unknown)  of  interference  $ 
is  replaced  with  its  maximum  likelihood  (ML)  estimate 

K 

$  =  K-'^A,  A  =  VV*  =  •  Vi*  .  (12) 

i=l 


with  the  mean  value  (16).  Therefore  [1-3] 

p.  =  expto|,  i9  =  exptel  =  f^,  (18) 

I  Co  J  I  Cl  J 

so  at  fixed  PFA  F ,  PD  I>  is  completely  determined 
by  the  value 

F  =  (ICi  -Co|)/Co  =  ^sx*4'x  =  (19a) 

having  an  evident  meaning  of  the  power  signal  /  (in¬ 
terference  +  noise)  ratio  (SINR)  at  the  CI  output. 

In  the  usually  considered  situation  of  equality  of 
the  own  noise  al  and  external  interference  uf,,  pow¬ 
ers  in  all  M  receiving  channels,  when  for  CM  $ 
there  is  true  the  following  representation 

^  =  O-R  •  Im  +  <’'in  •  ^in  =  . 

+1-  V  =  0-\i  / <^^1. 


Here  V  =  {v; }  f=i  is  the  training  sample  of  volume  MxM  matrix,  SINR  (19a) 

A  of  mutually  independent  M -dimensional  vectors  can  be  written  as 

v^  -  CN(0,«>),  f  €  1,K  (13)  n  =  M-h-x,  (19b) 


being  statistical  equivalent  to  interference  vector  y  (4a),  but 
not  correlated  with  it,  with  die  useful  signal  (4b)  and,  as  a 
consequence,  with  their  mixture  (3): 

^  =  0,  j  €  1,K;  7  =  0,  1.  (14) 


where 

h^allal  and  x  =  x‘'P;,x/M  <  1  (19c) 

are  the  signal  to  noise  ratio  (SNR)  in  the  receiving  chan¬ 
nel  and  the  “useful  signal  power  utilization  factor  [2, 3]”. 
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The  latter,  at  x*  ♦  x  =  Af  is  equal  to  unit  in  the  ab¬ 
sence  of  external  interference  (?;  =  0,  = 

=  =  Ijif ),  and  otherwise  is  less  than  unit. 

Let  us  proceed  to  the  detector  with  NCI  of  output 
signals  of  the  whitening  filter.  As  it  follows  from  (6), 
(7),  (8b),  the  vector  being  formed  by  it 

P-.  -  C7V(0,$p)  (20) 

has  a  zero  mean  value  and  CM 


%  =  H$„H*  = 


7  =  0. 

Iji/  +  (r^Hxx*H‘,7  = 


Using  the  known  [2,  3]  representation 

p,  =  gag*  =  (22a) 

~CNiO,h,),  (22b) 
A  =  diag{Ai  }f£, ,  GG*  =  G*G  =  Ij,,  (22c) 
of  vector  p^  (20)  through  eigenvalues  (e.v.)  \  >  0 

and  unitary  (22c)  matrix  G  =  {3,}  of  eigenvec¬ 
tors  of  its  CM  $p  (21),  the  statistics  (8b)  can  be  pre¬ 
sented  as 


7  =  0,  1. 


At  7  =  0 ,  as  follows  from  (21),  A  =  ,  therefore 


e,,  =  £*£  =  X)|£<p.  (24) 

«=i 

For  condition  (22b),  such  a  sum,  as  is  known  [1 1], 
has  the  Erlang  distribution 

(2:)  =  a:*^-’expt-i>/(A/-l)!  (25) 

and,  consequently,  the  threshold  a:,,  fixing  PFA  F  is 
the  root  of  the  equation 

F  =  <p(M,Xo),  (26) 

(27) 

1=0  *• 

At  7  =  1  A;  =  1  +  ^,,^where  (,  (i  e  1,M )  are 
e.v.  of  matrix  S  =  <7sHxx*H‘  .  Rank  of  this  matrix 
equals  1  and,  thereby,  =  0  forall  i  €  1,M  -  1.  A 
single  non-zero  e.v.  £nf  in  this  case  concurs  with  its 
trace  trS  =  cr.?x*H*Hx  =  // .  So, 

A;  =  1,  Xh[=1  +  ij,,  (28) 


and,  in  connection  with  this,  statistics  (23)  at  7  =  1 
can  be  presented  as  a  sum 

Af-i 

^1  =  fl  +  6,  a  =  |£i  Pd  6  =  (1  +  fi)\ent  p  (29) 

i=l 

of  two  independent  summands  a  and  6  with  densities 


p^axy 


3.il/-2g-.r 


g-T /(!  +  /.) 

(1  +  /^) 


.(30) 


-SOS  10  ts  20  25  30  35  40 


Fig.  1. 

hx  ,clB 


10'  10' 
Fig.  2. 


It  is  not  difficult  to  show  that  the  density  of  sum 
(29)  in  this  case  is  equal  to 

Pi,  <2:)  =  exp|-^|[l  -Jm  - 1,-^]], 

(Aa/JI  (  (31) 

hi  =1  + 

Integrating  it  over(l),  we  obtain  PD 

(  f-T  1  ) 

D  =  exp  -  Aj/  Y  6,u  V( m  +  1,  x^, )  (32) 

for  the  detector  with  NCI  of  the  whitening  filter  signals. 

In  Fig.  1,  for  FAP  F  =  10'*’,  a  family  of  detection 
curves  Dip)  (32)  at  different  values  of  the  number 
M  of  processing  channels  is  shown.  The  dashed 
curve  here  corresponds  to  the  accounted  by  (18)  PD 
of  the  optimal  detector  (8a).  At  arbitrary  point 
p  =  Pi),  the  difference  between  the  dashed  curve 
ordinate  and  ordinates  of  solid  curves  characterizes  a 
gain  in  optimal  processing  for  PD  D  at  this  point. 
Difference  of  abscissas  of  the  same  curves  at  point 
D  =  D„  characterizes  its  gain  (in  dB)  in  threshold 
SINR  p  (19)  at  this  point. 

More  readily  it  is  seen  in  Fig.  2,  where  dependencies 
of  M  threshold  values  of  product  h  -  x  =  p  /M 
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(19b)  of  the  optimal  (dashed  curves)  and  non-optimal 
(solid  curves)  processing  for  D  =  0.6  and  D  =  0.9 
at  F  =  10“^,  10“®,  10“^  are  shown.  Losses  of  the 
latter  in  the  threshold  SNR  h  (in  dB)  are  determined 
here  by  the  difference  in  ordinates  of  corresponding 
solid  and  dashed  curves,  which  increases  as  M  grows. 
Thus,  at  F  =  10'®  and  Z)  :=  0.9 ,  they  constitute 
«  2  dB  at  M  =  10 ,  and  w  7  dB  at  M  =  200. 

However,  it  should  be  outlined,  that  conclusions 
about  advantages  of  coherent  processing  as  compared 
with  the  non-coherent  one,  which  follow  from  these 
pictures  are  valid  only  in  the  considered  hypothetical 
situation  of  the  exact  knowledge  of  interference  CM, 
which  allows  accurate  forming  the  optimal  statistics 
(8a).  When  replacing  a  priori  unknown  CM  with  this  or 
that  its  (approximate)  estimation,  the  relationship  be¬ 
tween  them  can  turn  into  the  opposite  one  making  non¬ 
coherent  processing  preferable  not  only  due  to  the  con¬ 
siderably  more  simplicity,  but  and  due  to  the  higher 
effectiveness.  This  important  for  practice  conclusion 
not  reflected  in  the  literature  known  for  the  authors  is 
illustrated  by  the  example  of  adaptive  detectors  (10)  on 
the  basis  of  ML  CM  estimates  (12>-(15). 

4.  Comparative  Effectiveness  of 
Adaptive  Detectors  with  CI  and  NCI 

The  used  in  this  part  densities  of  the  distribution  (x) 

of  adaptive  statistics  (10),  which  determine  their  statisti¬ 
cal  characteristics  (1),  (2)  under  conditions  (12)-(15),  are 
obtained  and  given  in  the  prepared  to  publishing  articles 
[12,  13].  Derivation  of  these  densities  is  rather  awkward 
and  therefore  is  not  being  given  here. 

For  statistics  (10a),  they  are 


n 


Fig.  3. 

at  the  output  of  the  adaptive  detector  (10a),  (12)  with 
the  density  of  distribution  [10] 

P. (y)  =  (1  - yf-'^/BiS  +  2,m-i)^ 

B(n-l-l,m-Fl)=  n!7n!/(n-f  m-fl)! 

Threshold  sq  fixing  PFA  F  (2)  at  a  specified 
level  is  equal  to  [12] 

xq  =  K'^ 

where  xi  is  a  root  of  the  equation 
^  ,  (38) 

=  ■iFi{S  +  2,{6  +  l)/2,{6  +  2)/2K  +  V-^]Xi) 

PD  under  condition  (34)  is  determined  by  the  integral 


where  p,-  (a;)  is  the  distribution  density  of  the  nor¬ 
malized  random  value 

r,  =^,/  (33) 

equal  to 
cxy  = 

{'u-ipiS)^Fi{a,b,c-,d-,-4x),  1  =  0, 

j  (34) 

¥’(^)//(p)2f:.(c,6;-^-^  %7  =  1- 
0  ^ 

Here  ,^Fl{a,b,c■,d■,z)  and  •2^()(c,6;2)  are  corre¬ 
sponding  hypergeometric  functions  [14], 

a  =  6  +  3  ,b  =  a / 2,  c  =  {a  +  1) / 2  id  =  K  +  2  ; 
^  {6)  =  {6+1){S  +  2)-, 

fiy)  =  pp,/(y)/(i  +  Fv)’ 

V  =  {K  -  M  +  2)/{K  +  l)  =  {S  +  2)/(,K  +  1)(35) 

the  mean  value  of  the  normalized  to  a  maximum  (19) 
estimating  (random)  SINR 

u  =  pf  fi  <  I  (36) 


[6  +  2  6  +  1 

^  2  ’  2 


iXiP 

1  +  MP 


dy, {39) 


which  in  the  general  case  is  not  expressed  by  neither 
elementary  nor  known  special  functions. 

In  Fig.  3,  as  an  example,  a  family  of  dependencies 
D  =  D{p)  (38),  (39)  for  F  =  10'®,  M  =  8  and 
different  values  of  volume  of  training  sample  K  in  ML 
CM  estimate  is  given  (12).  A  dashed  curve  here,  as  well 
as  in  Fig.  1 ,  corresponds  to  an  optimal  detector  (8a). 

The  curves  of  this  family  link  the  sample  volume 
with  probability  characteristics  of  detection  and  here¬ 
with  determine  statistical  speed  [12]  of  adaptive 
processing  (10a),  (12).  It  can  significantly  differ  from 
the  introduced  in  [10]  and  universally  used  “ener¬ 
getic”  speed  that  correlates  with  this  volume  the  mean 
value  of  energetic  losses  (36). 

As  follows  from  (35),  alreatfy  at  F  =  iff  =  2M  —  3 
mean  energetic  losses  constitute  3  dB  (u  =  lj2), 
and  therefore,  for  their  compensation  it  is  enough  to 
double  SNR  h  (19c).  On  this  bases,  a  sample  of  such 
a  volume  is  often  considered  practically  sufficient  for 
an  adaptive  detector  (10a),  (12). 

However,  such  a  sample  can  lead  to  prohibitively 
large  losses  in  its  statistical  characteristics  of  detection. 
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which  are  not  compensated  at  SNR  doubling.  For  ex¬ 
ample,  under  conditions  given  in  Fig.  3  (M  =  8)  at 
K  —  Kf.  =  13  it  is  practically  inoperative 
^  0.02)  until  a  value  /z  21  dB,  at  which 
the  optimal  processing  provides  PD  £>  =  A,  =  0.9. 
Doubling  of  SNR  h ,  at  which  the  mean  value  of  its 
output  SINK  is  equal  to  21  dB  as  well,  increases  PD 
only  until  D  =  D„  <  0.0-5 ,  that  is  continues  keep  it 
inoperative.  In  order  to  bring  the  value  of  PD  to 
D  -  D„  =  0.9 ,  in  this  case,  SFNR  fi  «  42  dB  is 
needed,  i.e.  the  increase  of  SNR  not  by  3,  but  by  2 1  dB. 
For  the  requirements  to  an  additional  growth  of  thresh¬ 
old  SNR  h  not  exceeding  3  dB,  under  conditions  in 
Fig.  3,  there  is  necessary  the  training  sample  of  signifi¬ 
cantly  more  volume  K  =  K,  m  56  =  7M. 

The  reason  of  difference  between  “statistical”  and 
“energetical”  speeds  (non-equalities  K,,  >  K,)  is 
quite  obvious.  It  is  stipulated  by  the  difference  in  the 
distribution  laws  (17)  and  (34)  of  pre-threshold  statis¬ 
tics  (8a)  and  (10a),  (12)  of  optimal  and  adaptive  de¬ 
tectors,  by  virtue  of  which,  the  equality  of  their 
energetic  characteristics  does  not  entail  that  of  their 
statistical  characteristics  as  well.  This  concerns  also 
the  detector  (10b),  (12)  with  non-coherent  integration 
of  output  signals  of  the  adaptive  whitening  filter,  to 
whose  analysis  we  now  proceed. 

For  statistics  ^  (lOb)  under  conditions  (I2)-(15) 

Pi_.{x)  =  K-'p,  {x/K), 

where  p^_  (x)  is  the  density  of  the  random  value  dis- 
tribution 

(40) 

equal  to  [13] 

p-  (X)  — 

^  B-'  (M,5  -h  /(I  +  ,7  :=  0,  (41) 

+  hM\-z),'y  =  1, 

B{M,6  l)(^l  ^  ^  ' 

z  =  fix /(I  +  fi^x). 

Threshold  X(,  fixing  FAP  F  is  equal  to 
xo  =  K 

where  Xj  is  a  root  of  the  equation 
1 

(1+/0 

F  =  B-'(M,(5-t-l)  J  y^{l-yf~^dy.  (42) 

0 

PD  under  condition  (41)  is  determined  by  the  integral 

D  =  {B(M,6  +  l)il  +  fi))-^J, 

J  = 


<'V'>  ,  (43) 

—  J  '  2^1  (1,/C  +  l;M;2:(2/))(ij/ 

u 

^iy)  =  0-y)fi/{i  +  n). 


hi,  cIB 


which  in  general  case,  as  well  as  in  (39),  is  not  expressed 
neither  by  elementary  nor  known  special  functions. 

Fig.  4  shows  a  family  of  characteristics 
D  =  D{p.)  (42),  (43)  of  the  considered  adaptive 
detector  with  NCI  under  the  same  condition 
( F  =  10  ,  Jl/  =  8 ),  as  in  Fig.  3.  A  dashed  curve 
here  is  calculated  by  (32)  and  corresponds  to  its  po¬ 
tentialities  under  these  conditions. 

It  is  seen  from  comparison  of  Fig.  4  and  Fig.  3  that  the 
detector  with  NCI  (10b)  has  significantly  higher  “statis¬ 
tical”  speed  than  that  with  Cl  (10a).  For  example,  at 
/C  =  /C,.  =  13,  it  provides  PD  =  A,  =0.9  al¬ 
ready  at  SINR  p  ss  32  dB,  i.e.  at  SNR  h  less  by 
lOdB.  Two-fold  (by  3dB)  growth  h  compensates 
losses  of  adaptive  processing  already  at  K  =  K,  « 
«  28  =  3.5  •  M ,  what  is  half  as  much  as  with  Cl. 

Fig.  5  visually  illustrates  the  comparative  efficiency 
of  adaptive  detectors  with  NCI  and  Cl  under  considered 
conditions.  Here,  for  F  =  10“",  F>  =  0.5  and 
A  =  0.9,  there  are  shown  threshold  values  of  product 
h  ■  X  for  processing  (10a)  with  Cl  (dashed  curves)  and 
(10b)  with  NCI  (solid  curves)  at  different  volumes  of 
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sample  K .  Horizontal  straight  lines  show  potentialities 
of  corresponding  detectors. 

It  is  seen  that  under  considered  conditions,  at  any 
<  45  5.5  •  M ,  the  detector  with  NCI  is  more 

effective,  and  the  less  is  volume  of  sample  K  the 
more  is  a  gain  in  SNR  h.  In  particular,  at 
K  —  =1^  it  reaches  «  9  dB. 

A  formal  reason  of  distinctions  is  connected  with 
the  difference  in  distribution  laws  (34)  and  (41)  of 
pre-threshold  statistics  (10a)  and  (10b).  Physically, 
the  advantages  of  the  latter  statistics  are  originated  by 
errors  of  interference  estimation  CM  (12)  due  to  fi¬ 
niteness  of  a  volume  of  training  sample.  These  errors 
change  vectors  and  as  compared  with  “ideal” 

vectors  and  both  on  length  and  direction.  Sta¬ 

tistics  (10a)  “feels”  these  both  changes,  whereas  sta¬ 
tistics  (10b)  depends  only  on  length  of  vector  p^,  and 

does  not  “feel”  its  direction.  Namely  more  “robust¬ 
ness”  of  statistics  (10b)  provides  higher  statistical 
speed  and,  hence,  higher  efficiency  of  adaptive  detec¬ 
tor  with  NCI  at  small  yolumes  of  training  sample, 

5.  Conclusion 

There  have  been  compared  efficiencies  of  two  types 
of  detectors  of  Gaussian  coherent  signals  against  the 
background  of  Gaussian  correlated  interference  -  with 
coherent  (Cl)  and  non-coherent  (NCI)  integration  of 
output  signals  of  the  adaptive  canceller  of  interference. 
It  has  been  shown  that  at  the  maximum  likelihood  es¬ 
timate  of  adaptive  canceller  parameters,  the  detector 
with  NCI  has  roughly  a  double  statistical  speed,  and 
therefore,  at  small  volume  of  training  sample  provides  a 
gain  in  detecting  characteristics.  In  connection  with 
this,  the  steady  notion  about  “losses”  at  non-coherent 
integration  of  coherent  signal  is  valid  only  for  training 
samples  of  “large”  {K  >{b  -1)M)  volume.  For 
many  practical  situations,  where  samples  of  such  a  vol¬ 
ume  are  unachievable  (due  to  non-stationarity  of  inter¬ 
ference,  limited  productivity  of  hardware,  etc.)  transition 
to  NCI  not  only*  simplifies  processing,  but  can  enhance 
its  efficiency.  In  this  case,  there  is  made  easier  also  solu¬ 
tion  of  the  important  problem  of  stabilization  of  false 
alarm  level  (it  is  planned  to  devote  a  special  publication 
to  substantiation  in  detail  of  this  statement). 

Note  in  conclusion  that  the  based  on  (35)-{37)  uni¬ 
versal  energetical  criterion  of  the  adaptive  processing 
speed,  first  introduced  in  [10],  imposes  the  lowered  re¬ 
quirements  to  volume  of  training  sample,  at  which  there 
can  appear  inadmissible  large  losses  in  statistical  indices 
of  detection.  It  is  possible  to  specify  the  substantiated 
requirements  to  this  volume  owing  to  the  introduced  in 
[12, 13]  and  applied  here  statistical  criterion  of  speed. 
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Abstract 

The  problems  of  space-time  signal  processing  in  coherent  passive  radar  multistatic 
system  with  the  adaptive  antenna  arrays  (AAAs)  in  the  receiving  points  are  discussed. 
Stated  that  application  of  pair  of  spatially  separated  adaptive  antenna  arrays  in  self- 
focusing  mode,  which  are  involved  in  two-stage  procedure  of  measurement  of  multiple 
j^ming  sources  coordinates  by  base-correlation  method,  enables  to  solve  bearing  iden¬ 
tification  problem  and  to  optimize  the  parameters  of  space-time  processing  system  ac¬ 
cording  to  adaptation  time.  The  problem  of  receiving  of  two-dimensional  responses, 
which  unequivocally  characterize  space  position  of  each  source  being  located,  in  the 
plane  of  base  line  -  target  is  solved.  The  results  of  simulation  are  presented. 


1.  Introduction 

Owing  to  multiplicity  of  jamming  the  signal  detection 
is  realized  at  high  level  of  both  correlated  and  uncorre¬ 
lated  noise.  Radiation  of  electronic  countermeasure 
systems,  radio  frequency  unintended  interference, 
ground  clutter  and  natural  noise  sources  background 
can  be  such  interferences.  High  intensity  of  disturbing 
signals  and  their  simultaneous  influence  are  the  strong 
reasons  to  use  space-time  processing  systems  on  the 
basis  of  adaptive  antenna  arrays  for  the  desired  signals 
processing.  Their  main  advantages  [1]  are  the  capabil¬ 
ity  of  Jamming  suppressing;  multichanneling  of  sup¬ 
pression  out  of  a  boresight;  accurate  direction  finding 
of  radiation  sources  and  localization  of  each  one  with 
the  minimal  error  even  under  their  close  spacing.  For 
the  last  years  the  research  of  methods  of  application  of 
adaptive  antenna  arrays  in  multistatic  passive  radar 
systems  has  become  widely  spread.  The  works  [2, 3, 4] 
synthesize  optimal  and  quasi-optimal  algorithms  of 
detection  of  both  deterministic  and  stochastic  signals 
against  the  background  of  space-correlated  Jamming. 
Also  those  works  give  the  estimation  of  signal-to-noise 
output  ratio  loss  compare  to  optimal  processing  [3,5] 
and  of  the  estimation  of  efficiency  of  focusing  on  the 
located  radiation  source  in  the  bistatic  system  with 
AAA  in  one  of  the  receiving  points  [3,6].  These  works 
does  not  consider  issues  regarding  application  of  Joint 
adaptive  aperture  and  correlation  inter-aperture  proc¬ 
essing  of  noise  signals  in  each  position  in  order  to  in¬ 
crease  efficiency  of  space  localization  of  multiple 
radiation  sources  under  limited  time  of  space  scanning. 

Using  of  multistage  measurement  procedure  in  space- 
time  processing  ^sterns  with  a  great  number  of  degrees 


of  freedom  provided  in  [9,10]  enables  to  eliminate  diffi¬ 
culties  as  for  detection,  measurement  and  identification 
operations.  In  particular,  the  responses  of  space-time 
processing  system  under  the  influence  of  radiation 
sources  signals  can  be  received  with  the  help  of  proce¬ 
dures  of  direction  finding  in  adaptive  antenna-arrays, 
spaced  at  a  distance  of  a  great  number  of  wave  lengths, 
and  their  self- focusing  during  correlation  identification. 

2.  Principle  of  Creation  of  the 
Optimal  Space-Time  Filter  on  the 
Basis  of  Spatially  Separated  AAAs 

Consider  the  posibility  of  increasing  of  efficiency  of  emit¬ 
ting  targets  space  filtering  by  using  of  Keypon  adaptive 
algorithm  (minimization  of  external  noise  dispersion) 
separately  in  each  antenna  array  of  bistatic  system  and 
subject  to  correlation  selection  of  the  detected  sources  in 
the  adaptive  inter-aperture  channel.  The  analysis  will  be 
carried  out  for  the  space-coherent  system  model  (Fig.  1), 
which  comprises  the  -elemental  AAA  in  the  central 
position  and  the  M2  -elemental  AAA  in  the  additional 
position  put  on  the  base  6 .  Using  of  the  AAA  in  the 
monostatic  radar  systems  allows  to  localize  the  signal 
source  in  relation  to  it  by  the  direction  of  radiation.  In¬ 
creasing  of  signal-to-noise  ratio  in  the  monostatic  AAA 
due  to  the  adaptation  of  the  vector  of  weighting  fectors  is 
typical  at  that.  In  this  case  AAA  amplification  factor  hence 
the  amplitude  of  signal  source  field)  is  a  little  bit  reduced 
in  relation  to  the  direction  of  the  maximal  intensity  of  ra¬ 
diation  of  the  desired  signal.  At  the  same  time  the  nought 
in  the  Jamming  directions  (Fig.  2)  are  formed. 

If  there  is  not  one  but  some  sources  of  radiation  in 
the  beam  of  the  generated  adaptive  direction-finding 
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characteristic,  their  mutual  moving  in  the  plane,  which 
is  perpendicular  to  the  boresight  line,  results  in  the 
fast  fluctuations  of  the  weight  factors  vector  (noise  of 
adaptation).  In  AAA  of  gradient  type  quality  of  adap¬ 
tation  depends  on  depth  of  a  correlation  feedback. 

However  in  this  case  the  process  of  getting  into  the 
steady  state  is  delayed  and  AAA  space  selection  ca¬ 
pabilities  are  reduced  to  the  potential  ones  of  not 
adaptive  antenna  array.  It  is  possible  to  reduce  the 
adaptation  time  and  to  raise  quality  of  space  selection 
by  means  of  creation  of  information  redundancy  [5, 7] 

If  signal  processing  is  realized  in  two  adaptive  arrays 
spaced  by  some  base  6 ,  there  is  a  possibility  to  locate  the 
source  radiation  not  only  by  its  direction  but  also  by  dif¬ 
ference  of  time  of  its  arrival  to  the  receiving  points  by 
means  of  focusing  the  second  array  on  the  source  of  the 
desired  signal  subject  to  tfie  desired  signal  source  parallax. 

Presence  of  the  additional  information  about  radiation 
sources,  particularly,  about  tiieir  selection  by  time  of  delay 
of  the  CTivelopes  of  the  cross-correlation  functions  (CCF) 
of  signals  in  AAs,  which  are  spaced  at  a  distance  of  a  great 
number  of  wave  lengths,  allows  to  make  additional  selec¬ 
tion  of  the  chosen  source  and  to  make  the  amplitude-phase 
distribution  (APD)  more  precise  subject  to  these  data.  This 
process  can  be  regarded  as  a  next  qualifying  phase  of  lo¬ 
calization,  during  which  correction  of  the  wei^t  factors  of 
adaptation  is  made  due  to  the  additional  fieedom  degrees 
of  a  system  and  signal-to-noise  relation  is  optimized  due  to 
the  reduction  of  influence  of  the  interfering  sources  of 
radiation  in  AAA’s  beam  (Fig.  3). 

In  contrast  to  the  system  of  space-time  processing  [6] 
adaptation  of  complex  fectors  of  amplification  in  each 
element  of  antenna  arrays  is  carried  out  not  by  the  way  of 
gradient  forming  of  the  weighting  vector  but  on  the  basis 
of  the  methods  of  direct  conversion  of  the  space  correla¬ 
tion  matrix  of  jamming.  Besides,  Ihe  survey  on  radiation 
sources  propagation  difference  is  earned  out  in  the  be- 
tween-positions-delay-time  matrix  correlator  (MQ. 

2. 1 .  The  First  stage  of  the  Procedure  of 
Measurement  of  Radiation  Sources 

COORDINATES  WITHOUT  ADAPTATION  AA 

Consider  a  special  case  of  signal-jamming  conditions 
when  there  are  three  stochastic  signal  sources  in  the 
AAAI  and  AAA2  coverage  sector  (Fig.  4).  Their  search¬ 
ing  is  carried  out  in  accordance  with  the  optimal  space 
processing  algorithm  without  preliminary  estimation  of 
their  number.  As  a  result  the  bearing  estimations  vector 
(relative  AAAI  -  6i  and  relative  AAA2  -  02 )  is  formed. 

Searching  on  the  generated  in  both  positions  bearings  by 
delay  time  is  jDerformed  with  the  purpose  of  determining 
of  amount  of  the  targets  on  the  bearing  line. 

The  reradiating  objects  such  as  close  located  air  ones  or 
ground  surface  at  small  altitudes  of  flight  can  get  in  the 
illumination  field.  In  other  words  there  is  an  abnormal 
reproduction  of  sources  in  quantity  to  rj  (where  r]  - 
quantify  of  objects  in  the  illumination  field)  when  multi- 
path  signal  distribution.  In  this  case  these  are  objects  01 
and  02.  Moreover,  as  it  is  known  [5],  observation  of  ra¬ 
diation  sources  on  the  spatially  separated  apertures  by  the 


Fig.  1.  Model  of  space-time  processing  system  op¬ 
eration 


Signal  same  Interference  source 


Fig.  3.  Adaptation  in  the  spatially  separated  AAAs 
by  the  time  of  delay  of  the  envelopes  of  the 
signal  cross-correlation  functions  (CCF) 


methods  of  a  passive  location  is  accompanied  with  the 
false  targets  due  to  mutual  crossing  measuring  beams. 
Generally  number  of  false  crossings  is  equal  to  -  n , 
where  n  -  true  number  of  radiation  sources.  Thus  infor¬ 
mation  about  signal  and  jamming  conditions  contains 
n  +  ry  false  points,  which  as  well  as  true  ones  can 

be  considered  by  the  space  processing  system  as  the  coor¬ 
dinate  measurement  objects.  Using  of  matrix  correlators  in 
the  structure  of  model  allows  on  the  one  hand  to  reduce 
the  time  of  reception  of  the  information  about  between  - 
apertures  complex  envelope  delay  to  the  minimum  in  con¬ 
trast  to  the  procedure  of  consecutive  focussing  on  the 
jamming  sources  in  correlation  interferometer  [6].  And  on 
the  other  hand  there  is  possibility  to  realize  a  rule  of  an 
identification  of  the  radiating  targets  in  accordance  with 
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when  processing  in  the  identification  device ,  cause  of  the 
hyperlx)Ias  corresponding  to  their  positions  are  not  gener¬ 
ated.  Thus  the  correspondence  of  the  numbers  of  targets 
received  on  the  spatially  separated  apertures  AAAI  and 
AAA2  is  determined  (Fig.  6)  ||  Xr  Xt  ||  • 

It  is  possible  to  associate  each  pair  ||xr  x?  || 
with  the  amplitude-phase  distribution  (APD) 
Xi(Q;j)and  X2{aj)  on  the  first  and  the  second 
AAA  apertures.  Thus  AAAs  are  focused  on  the  cho¬ 
sen  i  -th  source  of  radiation  ( i  =  ). 


Fig.  5.  The  scheme  of  the  feature  identification  device 


Fig.  6.  The  scheme  of  getting  the  information  for 
fMusing  the  main  beams  of  AAA  pair  in  the 
directions  on  the  radiation  source 


ken  aperture 


the  principle  fliat  the  sum  of  signals  delays  between  the 
positions  in  the  direction  of  one  source  is  always  equal 
to  2rj .  This  is  based  on  the  exchanging  of  the  current 
eaimations  of  delays  of  signals  from  the  targets 
(Xrandxr)  between  the  positions.  The  device  of  the 
identification  Iwctioning  in  accordance  with  die  given 
rule  (Fig.  5)  will  not  form  a  pair  from  the  measurements 
||Yt,  <=>  Xtj  II  in  the  points  01  and  02,  due  to  the  pres¬ 
ence  of  natural  shielding  fectors  SI  and  S2  (Fig.  4)  which 
do  not  allow  to  observe  object  01  in  foe  AAA2  position 
and  object  02  in  foe  AAA  1  position. 

The  set  of  false  targets  {FT}  ,which  are  received  due  to 
crossing  of  bearings  from  the  spatially  separated  antenna 
^sterns ,  do  not  form  foe  vector  of  spatial  position  either, 


2.2.  The  SrroND  Stage  of  AAA  Adaptation 
Radia  I  ii  )N  Sources  Coordinates 
Measurement  Procedure 

As  well  as  in  foe  works  [6, 9]  foe  quality  of  system  func¬ 
tioning  can  be  estimated  having  concretized  foe  space- 
time  characteristics  of  signals  on  apertures  of  foe  spa¬ 
tially  separated  positions.  At  that  consider  the  bistatic 
location  system  as  foe  unique  phased  array  (PA)  com¬ 
prised  of  foe  sub-arrays  AAAI  and  AAA2  spaced  at  a 
distance  of  a  great  number  of  wave  lengths.  In  this  PA 
foe  coordinates  of  radiation  sources  are  estimated  in  rela¬ 
tion  to  the  centre  of  the  base-correlation  system  (BCS)  in 
foe  plane  of  the  base  line  -  target  (Fig.  7). 

Suppose  there  are  N  radiating  sources  in  the  BCS’s 
cover^  zone.  Consider  radiation  of  every  i-th 
(»■  =  l,n )  source  to  be  stochastic  signal.  Considering 
the  amplitude  variety  of  a  signal  from  the  i  -th  source 
to  be  small  within  the  range  of  aperture  of  one  array, 
express  the  APD  vectors  in  the  following  form: 

-  for  the  first  antenna-array 

(7i,  )  =  exp  jk  —  di  sin(7i^ )  , 
_ ^  J  (I) 

k  =:  —mil,  77221, 

where  I  mil  I  =  I  ^12 1  >  ^11  4-  mi.2  +  1  =  Mi  -  odd 
number; 

-  for  the  second  antenna  array 

^■2  (72, )  =  exp  <(2  sin (72  )  ,  /  =  -TOn.m,,  , 

(2) 

where  |  =  |,  +  771.22  +1  =  -  odd 

number; 

di,  di  —  interelement  distances  in  antenna  array; 

A- wave  length; 

Evaluate  the  values  of  8111(7,  ),  sin  (72^  )  in  terms 
of  7,  and  : 


Bin (71, )  = 

^pf  +  {b /2f  —  pibsinji 
nn(72, )  =  ABin7i+fr/2 

yP'f  +  ( ^  /  2  -f  /?j6  sin  7, 


(3) 

(4) 


.  Placing  (3),  (4)  into  (1)  and  (2)  accordingly,  foe  com- 
bined  APD  of  foe  i  -th  signal  source  in  foe  apertures  of  foe 
first  and  foe  second  antenna-array  subject  to  their  separa¬ 
tion  at  foe  b  value  is  expressed  as  foe  vector; 
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XiluPi) 


Xi  iluPi  )exp[j^2  (7i.Pi )] 


where  ( 7n A ) .  (kiiluPi)  -  phase  shift  con¬ 
sidering  the  delay  of  complex  envelope  of  the  mutu¬ 
ally  correlation  function  of  a  signal  at  its  propagation 
from  the  i  -th  source  up  to  the  centre  of  the  first  and 
the  second  AA  accordingly: 

<h{li,Pi)  =  y[A-  -h(6/2)^  -  A&sin(7i)f^^ 

<A2(7oA)  =  y[p.'  +(V2f  +  A6sin(7i)f^^ 


Within  the  framework  of  such  a  model  subject  to 
before  entered  designations,  the  vector  of  complex 
amplitudes  of  the  sum  of  the  internal  noises  of  the 
unique  PA  and  a  total  signal  from  the  n  external 
sources  received  by  the  first  and  the  second  aperture 
may  be  expressed  as  follows: 


NioW 

NioW 


n 

+E 


Nwit) 

Nz>W 


+  E 


i=l 


xexp[j(h{'yi,Pi)] 
Ni(t-t,2i)X2infuPi)X 
xexp[#2(7nA)] 

Xi{t  ( 7n  A  )  ^ 

xexp[i^(7i,A)] 

Ni{t  t^i-i  Aij  ) X2  i'liiPi)  ^ 

xexp[#2(7nA)] 


where  ,  t^2i  ~  time  of  a  signal  at  its  propaga¬ 
tion  from  the  external  i-th  source  up  to  the  centre  of 
the  first  and  second  antenna-array  accordingly; 

Niq  ( O 5  N20  (i)-  correlation  matrix  of  internal  noise 
of  the  first  and  second  antenna-array  accordingly; 


Assume  noises  of  each  external  radiation  sources  to 
be  uncorrelated  in  time  and  to  have  uniform  power 
spectral  density  in  the  receiver  Iln  ‘s  band  of  frequen¬ 
cies.  Then  [10]  according  to  Hinchin- Winner  formula: 


where  N-i  -  spectral  density  of  capacity  of  i  -source 
of  interferences, 

^  7r[t-s] 

Provided  that  the  signal  spectrum  width  is  more  than 
receiver  B‘s  bandwidth,  it  is  possible  to  replace  "quasi¬ 
white"  noise  with  delta-correlated  process.  Then,,  by 
virtue  of  mutual  independence  of  internal  noises  in  the 
various  reception  channels,  noises  of  internal  and  ex¬ 
ternal  sources,  proportionality  of  correlation  matrix 
elements  to  delta-function <5 (i  -  s),  ~  expression  for 
the  correlation  matrix  a  of  a  mix  of  AAA’s  internal 
noises  and  signals  of  external  sources  looks  like: 


Nio 

0 


0 

N20 


6{t-s)  + 


Ni6(t  -  s)^ni  XMt  --s  +  Ati  )^i2i 

Ni6{t-s-Ati)^2ii  NiS(t-^s)^22i  • 
where  Nio.N'io  “  A®  internal  noise  spatial  correlation 
matrix  of  the  first  and  second  antenna-array  accordingly. 


+E 


^lli  —  -^1  ( 7j ! Pi  ) -^1  (7iiPi)) 

$21i  =  X2  {'fi,Pi)Xf  i'fi,pi  )  X 


xexp[y((^2  (7i)Pi )  “  <h  {'fhPi ))]) 
^12i  ~  -^1  (  7i )  Pi  )  X2  (  7i )  Pi  )  X 
xexp[-y('fe  (7i.Pi)  -  ^  (7i>Pi ))]. 


^22i  =  X2{li,Pi)Xf  i'ii.Pi), 


-  the  external  noise  spatial  correlation  matrixes  of  the 
first  and  second  antenna-array.  They  characterize  in¬ 
terrelation  both  inside  one  antenna-array  and  between 
aerials  of  the  spatially  separated  receiving  points. 

For  die  i-th  source  chosen  on  the  first  stage  the  system 
is  focused  on  the  concrete  target,  for  which  Aij  =  0 . 

Then 


iVio 

0 


0 

^20 


8{t  —  s)  -l- 


n 


-|-5  (t  —  s)  N I 


^21i 


^12/ 

^22i 


here  ^  is  the  spatial  correlation  matrix  of  a  mix  of 
internal  and  external  noises. 

From  expressions  (6)  it  is  clear  that  ^i2i  =  Mu  • 
Thus  consideration  of  a  signal  source  in  relation  to  the 
"virtual"  centre  allows  to  simplify  processing  of  signals 
between  positions  because  phases  of  signals  which  come 
into  the  spatially  separated  antenna-array  jq^erture  centers 
are  equal  modulo.  Generally  simplification  of  computing 
procedure  is  proportional  to  complexity  of  signal  and 
jamming  conditions  nx  (Mi  x  M2 )  times.  It  allows  the 
jamming  space  correlation  matrix  (JCM)  of  the  unique 
adaptive  system  to  be  presented  in  the  block  form : 


#11 

^12 

A*?’ 

^12 

^22 

(7) 


where  Mi  ^22  sub-blocks  of  JCM  are  deter¬ 
mined  from  signal  and  interference  conditions  relative 
to  the  first  and  second  positions  correspondingly;  sub¬ 
blocks  4>i2  and  <^21  =  ^12  allow  for  correlation 
connections  of  signals  sources  between  positions. 

Considering  that  the  space  correlation  matrix  of 
references  is  defined  by  expression  (7)  the  model  of 
spatial  distribution  of  the  field  caused  by  desired  sig¬ 
nal  coming  from  0  direction  and  r  range  by  analogy 
with  (5)  is  given  by: 
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Xi0,r)  = 


(8) 


Jfi(0,r)exp[j(^(0,r)] 

X2(0,r)exp[j(l>^(e,r)] 
Considering  (7)  and  (8)  optimal  weight  vector  is  given  by; 
R{0,r)  =  4>-^  ■X(e,r), 


where  $  ’  -  the  inverse  correlation  matrix,  and  the 
expression  for  output  effect  according  to  Keypon  al¬ 
gorithm  will  be: 


Y^(e,r)  = 


In  turn  the  optimal  space-time  processing  in  effect 
is  reduced  to  forming  of  the  statistics  as  follows: 


where  Y (t)  = 


Yj(0 


-  the  vector  of  the  accepted 


realization;  as  before  it  consists  of  the  subvectors  with  Mj 
and  Afi  lengths  corresponding  to  each  antenna  array. 

It  is  evident  from  (9),  that  the  output  effect  of  the  con¬ 
sidered  system,  which  is  based  on  algorithms  appropriate 
to  the  optimal  processing  in  AAA  of  monostatic  system 
is  two-paimeter  one  namely  the  function  of  not  only 
angular  direction  but  the  range  relative  to  the  system 
base  centre  (Fig.  8-10).  While  simulating  the  following 
assumptions  were  made:  the  wave-length  was  0,03  m, 
signal-to-noise  ration  for  both  arrays  was  2500,  inte¬ 
relement  distance  in  AA  was  0,015  m,  quantity  of  ele¬ 
ments  in  each  AA:Mi  =  =15,  direction  on  the 

geometrical  centre  wasO”,  on  jammers  was  -fl” 
3nd—l“,  range  to  jammers  was  50  km. 

Thus,  it  is  possible  to  realize  the  space  discrimina¬ 
tion  with  the  chosen  radiation  source  accuracy  close 
to  potential  one.  It  can  be  achieved  by  optimal  esti¬ 
mating  of  angular  coordinates  according  to  Keypon 
algorithm,  which  minimizes  disturbing  signal  disper¬ 
sion,  and  accepting  the  discreteness  of  matrix  correla- 
tortobe  6t^  =  (2...3)rA- ,  where  -  the  interval  of 
correlation  of  the  radiation  source  signal. 


3.  Conclusion 

The  presented  results  suggest  the  possibility  of  in¬ 
creasing  of  degree  of  radiation  sources  localization  by 
means  of  multi-stage  purposeful  information  interac¬ 
tion  with  the  purpose  of  APD  control  in  the  spatially 
separated  adaptive  antenna  subarrays.  The  multichan¬ 
neling  interposition  exchange  of  radio  signals  and 
subsequent  coherent  space-time  processing  of  them  in 
matrix  correlators  and  AAA  adaptive  processors  when 
using  correlation  identification  are  required  for  that. 
The  implemented  simulation  proves  high  space— time 
selection  capability  of  such  kind  of  systems. 
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EXPERIENCE  OF  ANTENNA  COMPLEXES 
CREATION  FOR  THE  RADARS  OF  DISTANT 
DETECTING  AND  SPACE  AREA  MONITORING 

Evstropov  G.A.,  Rogulyev  V.A.,  Saprykin  S.D.,  Sosulnikov  V.P.,  Starostenkov  E.A. 
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In  connection  to  creation  in  the  fifties  and  taking  up 
arms  of  missiles  with  small  size  war-heads  in  several 
states,  as  well  as  space  area  learning  to  handle  for  self- 
defense,  there  was  necessity  to  create  the  radars  of  dis¬ 
tant  missile  detecting  and  space  area  monitoring. 
Presented  in  that  time  the  air  defense  radars,  using  re¬ 
flector  antennas  with  comparatively  not  great  aperture 
and  mechanical  moving  of  antenna  radiation  pattern  for 
area  survey,  were  not  found  suitable  for  operating  with 
the  new  targets.  Antennas  with  great  aperture  surface 
and  electrical  beam  moving  were  required. 

In  the  fifties  -  sixties  of  last  century  the  phase  shifter 
manufacturing  technology  for  phased  antenna  arrays 
was  not  yet  elaborated  sufficiently,  but  beam  scanning 
methods  with  frequency  change  in  linear  running  wave 
antenna  array  were  learned  to  handle  [1].  In  this  con¬ 
nection  the  first  stations  of  distant  missile  detecting 
used  active  antenna  arrays  consisted  of  the  linear  run¬ 
ning  wave  radiators.  The  stations  with  such  antennas 
provide  with  the  required  survey  velocity  and  needed 
target  detection  range.  Wider  frequency  band  usage, 
than  the  needed  one  for  providing  with  the  given  radar 
range  resolution,  as  well  as  possibility  of  adaptive 
jamming  signal  suppression  only  when  forming  eleva¬ 
tion  pattern,  is  a  defect  of  such  antennas. 

Possibility  to  apply  phased  antenna  array  with  full 
phase  beam  scanning  with  discrete  commutation 
phase  shifters  [2]  is  appeared  after  completion  of  sev¬ 
eral  radars  creation  with  usage  of  frequency  pattern 
scanning.  Further  development  of  antenna  technique 
is  connected  with  elaboration  of  digital  beam  forming 
methods  for  reception  [3]. 

In.  NIIDAR  antenna  complexes  elaboration  had 
been  gone  suitable  way. 

1.  The  Antenna  Complexes  of  ‘‘Dunai- 
3”  AND  “DUNAI-3U  Radars 

The  antenna  complexes  of  “Dunay-3”  and  “Dunay- 
3U”  radars  operating  in  decimeter  wave  band  consist 
of  two  antenna  systems  located  in  two  sites  -  the 
transmitting  one  and  the  receiving  one.  The  transmit¬ 
ting  antennas  scheme  is  shown  in  Fig.  1 . 

The  antenna  is  an  antenna  array  with  linear  radia¬ 
tors  (linear  antenna  arrays)  of  moving  wave. 


Radiated  signal  is  distributed  between  the  linear 
radiators  with  help  of  an  equipages  power  divider. 
Power  amplifiers  -  phase  shifters  are  installed  between 
the  divider  and  the  linear  radiator  input.  Azimuth 
beam  is  formed  with  the  linear  radiators,  elevation 
beam  is  formed  with  the  linear  radiators  array.  Azi¬ 
muth  beam  scanning  is  realized  with  radiated  signal 
frequency  change,  elevation  beam  scanning  is  per¬ 
formed  with  use  of  phase  shifters.  Beam  scanning 
elevation  sector  is  48°  . 

A  ribbed  waveguide  is  used  as  the  linear  radiator  [4]. 
Ditch  depth  for  the  mean  frequency  is  equal  to  a  half  of 
wave  length  in  the  waveguide.  When  frequency  is  de¬ 
creased  from  its  mean  value,  the  waveguide  operates  in 
acceleration  regimen  and  when  frequency  is  increased, 
operating  regimen  is  the  delay  one  with  respect  to 
phase  wave  velocity  into  the  waveguide  without  ribs. 
Energy  is  radiated  from  the  waveguide  through  the 
longitudinal  slots.  Active  waveguide  part  length  is 
about  100  m.  Group  wave  delay  in  frie  waveguide 
7gj.  =  10 .  Beam  scan  sector  A(^  =  53° . 

Wide  waveguide  size  is  0,66  A^v  •  Losses  in  the 
waveguide  without  the  radiators  is  not  more  3  dB  per 
100  m.  Product  of  use  surface  coefficient  and  per¬ 
formance  coefficient  for  the  average  frequency  is 
equal  0,65  for  the  linear  radiator.  Carried  power  is  not 
more  100  kW  in  continuous  radiation  regimen. 

The  ribbed  waveguide  is  made  from  bimetal  (cop¬ 
per  and  aluminum  rolling),  waveguide  elements  are 
connected  between  themselves  with  fuse  method. 

The  waveguide  section  is  shown  in  Fig.  2.  The  linear 
radiator  end  is  a  matched  load  made  as  a  ferrite  absorb- 
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Fig.  3.  Slots  and  matching  non-uniformity  in  the 
ribbed  waveguide. 
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Fig.  4.  “Dunay-3U”  radar  transmitting  antenna. 


ing  plates  stacked  on  the  ribbed  waveguide  surface. 

“Dunay-3”  radar  aperture  consists  of  13  linear  ra¬ 
diators,  there  are  30  linear  radiators  in  aperture  of 
Dunay-3U  radar..  To  perform  linear  polarization  into 
the  rotating  one  a  filter  -  cover  with  inclined  metal 
plates  is  used.  Distinguishing  “Dunay-3U”  radar  an¬ 
tenna  peculiarity  is  change  of  the  longitudinal  slots 
with  the  inclined  -  displaced  ones  [5]  and  placing  the 
vertical  plates  and  an  inclined  strip  (Fig.  3)  between 
the  linear  radiators  to  decrease  mutual  coupling. 

Slots  matching  is  perform  with  small  bottoms, 
which  are  put  out  in  the  upper  waveguide  surface  in 
section  going  through  the  slot  centre.  When  matched 
slots  are  used  in  waveguide  slot  antenna,  there  is  not 


Fig.  6.  “Dunay-3”  radar  receiving  antenna. 

the  normal  effect;  standing- wave  ratio  increasing 
when  beam  going  the  antenna  normal. 

Photo  of  the  transmitting  “Dunay-3U”  radar  an¬ 
tenna  is  shown  in  Fig.  4. 

In  a  building  bordering  upon  the  antenna,  the  am¬ 
plifiers  -  phase  shifters  and  equipment  for  forming 
and  distribution  of  radiation  signals  are  placed. 

The  waveguide  is  cut  along  the  middle  (neutral)  line. 
The  receiving  antenna  scheme  of  the  radars  is  shown 
in  Fig.  5. 

The  antenna  also  is  an  active  array  with  the  linear 
radiators.  Active  elements  are  low-noise  amplifiers 
installed  on  the  linear  radiator  output.  For  elevation 
survey  in  the  vertical  plane  there  is  an  intersected 
beams  fan  covering  sector  48° .  The  beams  fan  is 
formed  with  a  planar  lens.  The  lens  surface  turned  to 
the  linear  radiators  has  an  elliptical  cylinder  form.  If 
an  exciter  is  situated  in  the  ellipse  focus,  then  there  is 
a  linear  phase  distribution  on  the  ellipse.  To  form  a 
beam  fan  the  radiators  are  situated  on  circle  arc  con¬ 
necting  the  ellipse  focuses.  Homs  connected  with  the 
linear  radiators  outputs  are  situated  on  the  refracting 
surface  (of  the  ellipse). 

The  “Dunay-3”  radar  antenna  uses  200  radiators, 
its  aperture  is  10^  ml  Photo  of  the  “Dunay-3”  receiv¬ 
ing  antenna  is  shown  in  Fig.  6. 

The  “Dunay-3U”  radar  antenna  consists  of  100  lin¬ 
ear  radiators  and  its  aperture  is  0,5  •  10“*  ml  Connec¬ 
tion  of  radar  characteristics  and  such  antennas 
characteristics  was  researched  in  [7],  statistical  an¬ 
tenna  characteristics  are  shown  in  [8]. 
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Fig.  7.  “Dunay-3U”  radar  receiving  antenna. 


Fig.  8.  Space  objects  tracking  radar  antenna. 


Photo  of  the  receiving  “Dunay-3U”  radar  antenna 
is  shown  in  Fig.  7.  The  highest  building  part  corre¬ 
sponds  to  the  lens  antenna  part.  Receiving,  measuring 
and  digital  equipment  of  the  station  is  placed  in  a 
building  bordering  to  the  antenna. 

2.  Transmitting-Receiving  Phased 
Antenna  Arrey  for  the  Pace 
Objects  Survey  System  Radar 

In  the  eighties  according  to  the  space  area  monitoring 
program  in  NIIDAR  elaboration  and  manufacturing  of 
the  radar  operating  in  the  space  objects  survey  system 
were  fulfilled. 

The  main  radar  element  is  an  antenna  made  as  a 
phased  antenna  array  on  relatable  system  for  the  upper 
semi-sphere  observation. 

The  phased  antenna  array  has  the  following  charac¬ 
teristics: 

•  operating  wave  band  -  decimeter  band; 

•  band  of  operating  frequencies  -  5%; 

•  electron  scanning  sector  -  40° ; 

•  beam  width  -  2, 3°  ; 


•  operation  regimen:  transmission  -  reception  with 
pore  2  and  pulse  duration  2...  16  ms; 

•  polarization  -  elliptical  with  the  left  and  right  rota¬ 
tion,  it  is  controlled  with  a  special  computer  for 
reception  and  transmission; 

•  carried  power  -  800  K W ; 

•  rotation  angles  of  the  relatable  system  : 

for  azimuth  -  n  *  360° , 
for  elevation  -  0...180° , 

•  side  lobe  level  -  not  less  25  dB; 

•  patterns  number  for  reception:  summary  and  two 
difference  patterns; 

•  radiators  number  -  8 12; 

•  eight  -  edged  with  diameter  20  m; 

•  gain  -  34,5  dB; 

•  pattern  control  -  with  a  special  computer  located 
on  the  phased  array  frame; 

•  pattern  switching  time  from  transmission  to  recep¬ 
tion -*  not  less  100  ps. 

Photo  of  the  antenna  is  shovm  in  Fig.  8. 

The  main  phased  antenna  array  peculiarities: 

•  distance  between  radiators  was  increased  from 
0,745  to  0,875  A  and  radiators  number  is  de¬ 
creased  by  28%.  It  was  the  result  of  cross  dipole 
radiator  pattern  forming  as  table  type  and  diffrac¬ 
tion  lobes  suppression  when  phased  antenna  array 
beam  is  deflected  at  8°  from  the  normal, 

•  multiple-series  signal  distribution  system  with  power 
to  800  KW  is  created  with  the  optimal  amplitude  dis¬ 
tribution  allowing  to  achieve  the  minimum  of  radi¬ 
ated  power  on  the  central  radiators,  when  side  lobe 
level  is  consecrated  not  more  than  minus  25  dB, 

•  pin-diode  phase  switches  with  3  discrete  were 
elaborated;  they  operate  at  the  mean  power  level 
to  1  KW  and  the  pulse  one  -  to  2  KW  with  the 
maximum  losses  not  more  than  minus  25  dB, 

•  switching  lobes  level  not  more  minus  25  dB  was 
conserved  with  the  special  given  random  phase  er¬ 
rors  distribution  and  further  compensation  of  them 
in  the  special  computer, 

•  total  receiver  protection  level  in  transmission  regi¬ 
men  is  achieved  minus  80.. .90  dB,  when  the  direct 
losses  are  0,5  dB,  as  a  result  of  use  of  T-bridge  de¬ 
coupling  and  two  switches  with  pin-diodes, 

•  cooling  of  all  phased  antenna  array  elements  ~  air. 

3.  Antenna  Complex  of  “Volga” 
Distant  Detecting  Radar 

‘Volga”  radar  is  the  new  generation  of  distant  detec¬ 
tion  stations  operating  in  continuous  radiation  regi¬ 
men:  the  radar  illuminates  a  target  and  receives 
reflected  signals  simultaneously.  The  continuous  ra¬ 
diation  regimen  allows  to  adapt  simply  to  radioloca- 
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Fig.  9.  “Volga”  radar  transmitting  antenna. 


Fig.  10.  “Volga”  radar  receiving  antenna. 


tion  situation,  to  control  energy  at  a  target  and  range 
resolution  for  each  angular  direction  as  well  as  to  op¬ 
erate  with  pore  near  I,  that  is  to  radiate  power  near  to 
average  super-high  frequency  radar  power. 

To  get  the  required  decoupling  between  the  trans¬ 
mitting  and  receiving  antennas  the  antenna  complex 
consists  of  two  antennas  located  in  transmitting  and 
receiving  sites. 

The  transmitting  antenna  is  an  active  phased  an¬ 
tenna  array  operating  in  long-wave  part  of  dissymmet¬ 
rical  wave  band.  The  distinguish  peculiarity  of  active 
phased  antenna  array  is  use  of  phase  shifters  provid¬ 
ing  a  continuous  phase  change  (and  frequency)  of 
radiated  signal  in  any  limits  with  a  great  velocity  dia¬ 
pason.  It  allows  to  scan  the  beam  during  signal  radia¬ 
tion.  The  array  consists  of  spiral  radiators  and 
provides  with  radar  operation  in  wide  frequency  band 
when  azimuth  pattern  swinging  is  120°  and  more 
than  60°  at  elevation.  Antenna  aperture  is  36x20  m^. 
Photo  of  the  antenna  is  shown  in  Fig.  9. 

As  construction  the  antenna  is  combined  with  a 
building,  where  transmitting  radar  site  equipment  is 
contained.  The  array  is  surrounded  with  four  lines  of 
passive  radiators  and  frame  from  ferrite  absorbing 
materials.  The  receiving  antenna  array  is  also  made 
from  the  spiral  radiators  with  opposite  spiraling  to  the 
transmitting  ones.  The  receiving  antenna  distinguish 
peculiarity  is  application  of  full  digital  beam  forming 
[3],  offered  by  NIIDAR  in  1976.  In  this  method  signal 


from  each  radiator  after  amplification  and  frequency 
transformation  has  a  number  sequences  form,  then  a 
parent  system  is  formed.  Digital  pattern  forming  use 
allows  to  realize  more  completely  the  elaborated 
methods  of  adaptation  to  interference  situation. 

Antenna  aperture  is  36  x  36  m^  Antenna  con¬ 
struction  is  analogous  to  the  transmitting  one.  The 
active  aperture  part  is  also  surrounded  with  four  lines 
of  passive  radiators  and  special  frame. 

Antenna  external  view  is  shown  in  Fig.  10.  The  ar¬ 
ray  is  one  of  the  building  walls. 

4,  Transmitting-Receiving  Antenne- 
Feeder  System  of  the  Centimeter 
Band 

Transmitting  -  receiving  antenna-feeder  system  is 
intended  for  operation  amounting  to  a  radar  of  low- 
orbit  space  objects  parameters  measurement. 

The  main  antenna-feeder  system  technical  charac¬ 
teristics: 

•  operating  frequency  band  -  6995..,7040  MHz; 

•  beam  width  in  E  and  H  planes  -  30-40  angle  min; 

•  antenna-feeder  system  amplification  factor  for 
transition  ~  44  dB,  for  reception  -  46  dB; 

•  side  lobe  level  -  not  more  than  minus  12  dB; 

•  electron  scan  sector  in  E  and  H  planes  -  ±10° ; 

•  maximum  pulse  input  power  of  super  high  fre¬ 
quency  signal  with  pore  2-80  KW; 

•  maximum  error  of  beam  standing  -  3  angle  min. 
The  antenna-feeder  system  is  a  phased  antenna  array 

mounted  on  a  relatable  system  for  providing  with  op¬ 
eration  zone  along  azimuth  ±270°  and  elevation 
0  -  90° .  To  simplify  elaboration,  manufacturing  and 
tuning  the  phased  antenna  array  is  builder  according  to 
module  type:  all  array  is  divided  into  64  (8  x  8)  sub¬ 
arrays  (modules).  Each  module  has  aperture 
0,53  X  0,5  m^.  Open  waveguide  ends  are  used  as  ele¬ 
mentary  radiators.  Radiators  number  in  the  module  is 
16  X  10  =  160  (16  -  in  H  plane  and  10  -  in  E  plane). 
Discrete  (90  and  180° )  phase  shifters  with  cross  mag¬ 
netization  is  used  [7].  The  general  antenna  system 
view  is  shown  in  Fig.  11.  No  equidistant  module  radia¬ 
tors  displacement  in  E  plane  provides  with  diffraction 
lobes  level  decreasing  to  the  level  minus  1 5  dB. 

A  pyramidal  horn  is  used  to  distribute  signals  to  the 
module  radiators.  Antenna-feeder  system  module 
supply  has  multiple  scheme  with  waveguide  dividers 
using  T-bridges. 

The  antenna-feeder  system  with  relatable  system 
are  displaced  under  a  radio  transparent  cover  made  as 
a  truncated  sphere;  this  allows  to  protect  the  antenna- 
feeder  system  from  natural  influence  and  to  decrease 
antenna-feeder  system  wind  loads  with  cover  mount¬ 
ing  on  the  its  own  base. 
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Fig.  11.  General  antenna-feeder  system  view  of  the 
centimeter  band  radar. 


5.  Antenna  Complexes  for 

Perspective  Distant  Defection 
Radars 

As  analysis  of  manufacturing  terms  and  expense  for 
the  distant  detection  radar  creation  shows,  their  main 
part  is  expense  on  the  antenna  complexes  including 
the  transmitting  and  receiving  modules.  The  antenna 
complexes  lead  to  the  greatest  exploiting  expense,  the 
main  part  of  them  is  power  consumption. 

Earlier  created  radars  equipment  is  placed  in  the 
buildings,  this  leads  to  great  station  creation  term  as  a 
result  of  building  construction,  mounting  and  complex 
equipment  tuning  in  the  dislocation  place. 

Electronics  development  results  in  sharp  equipment 
decreasing,  its  main  part  forms  the  antenna  complex  and 
must  be  distributed  on  a  supported  antenna  complex 
metallic  construction  to  provide  with  the  minimum 
losses  in  the  decimeter  band.  The  transmitting  and  re¬ 
ceiving  modules  (amplifiers  with  switching  phase  shift¬ 
ers),  auxiliary  apparatus,  which  is  necessary  for  their 
operation,  and  thermo-stability  system  can  be  placed  in 
the  special  “antenna”  containers,  these  have  manufactur¬ 
ing.  The  array  fragment  radiators  served  with  equipment 
of  the  same  container  can  be  placed  on  the  butt-end  con¬ 
tainer  wall.  As  a  result,  radar  creation  consists  of  metallic 
construction  mounting,  antenna  containers  placing  into 
the  specially  created  cells  in  the  metallically  construc¬ 
tion,  power  supply  connecting  to  the  containers  and  link¬ 


ing  with  equipment  placed  out  the  metallically 
construction. 

Equipment  to  form  signals  and  s^chronization,  that  are 
required  to  radar  operation,  multi-channel  reception  sys¬ 
tem,  that  transforms  signals  receipted  with  antenna  radia¬ 
tors  to  digital  sequences,  computer  apparatus,  providing 
with  pattern  form  adaptive  to  interference  situation,  the 
first  and  second  radiolocation  signal  processing,  techni¬ 
cal,  functional  control  of  the  station  equipment  and  func¬ 
tional  monitoring,  as  well  as  service  programs  realization 
and  communication  with  data  transmitting  apparatus  and 
command  communication  are  placed  out  the  metallically 
construction.  All  this  equipment  can  be  placed  into  three 
standard  ground  containers,  volume  of  each  container  is 
analogous  to  the  antenna  container  volume.  The  ground 
containers  with  equipment  are  also  manufactured  and 
tuned  in  plants. 

The  given  technology  of  distant  detection  radar 
creation  allowed  to  increase  essentially  the  stations 
creating  terms  was  offered  by  NIIDAR  in  1986  and 
named  as  the  technology  of  distant  detection  radio¬ 
location  stations  creation  with  high  plant  readiness. 

To  get  the  acceptable  station  value  and  limitations 
connected  with  computing  technique,  it  is  not  pro¬ 
posed  to  use  the  full  digital  adaptive  beam  forming  for 
the  distant  detection  radars  of  the  nearest  perspective. 
The  antenna  array  is  divided  at  sub  arrays  with  an 
analogue  beam  forming  way  and  the  full  antenna  pat¬ 
tern  is  formed  with  an  adaptive  digital  way.  The  ana¬ 
logue  sub  arrays  patterns  are  formed  with  equipment 
placed  into  the  antenna  containers. 
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Abstract 

XU  two  types  of  high-performance  horns  with  waving  taper. 

These  horns  show  a  high  efficiency  and  a  compact  low  cross  polarization.  Our  design 
method  IS  based  on  the  optimization  technique,  and  we  discuss  the  designed  and  fab¬ 
ricated  horn  antennas  in  X-band  numerically  and  experimentally. 

Keywords;  Horn  antennas.  Optimization  technique,  Antenna  radiation  patterns. 
Aperture  efficiency.  Cross  polarization. 


1.  Introduction 

We  have  realized  two  compact  horns  with  low  cross 
polarization  and  high  aperture  efficiency,  respectively, 
by  introducing  the  waving  taper  (1),  (2).  The  design 
rnethod  is  based  on  the  optimization  technique  com¬ 
bined  ^vith  the  mode-matching  approach.  This  paper 
presents  such  horns  with  high  performance. 

2.  Design  Method 

The  design  parameters  are  defined  by  inner  diameters 
At  {ri  =  1,  2,  N)  and  the  axial  length  L,  The 
continuous  configuration  of  the  taper  is  given  by  in¬ 
terpolating  these  dimensions  through  the  third-order 
spline  function  (see  Fig.  1).  The  scattering  matrix  for 
the  whole  structure  of  the  interpolated  taper  is  ob¬ 
tained  by  the  cascade  connection  of  step  discontinui¬ 
ties  and  uniform  waveguides  with  different  diameters 
as  shown  in  Fig.  2.  The  generalized  scattering  matri¬ 
ces  for  each  discontinuity  can  be  easily  computed  by 
the  cylindrical  mode-matching  approach.  To  avoid 
much  calculation  time  for  step  discontinuities  in  the 
optimization  procedure,  the  dimension  of  the  step 
discontinuities  are  kept  same  for  all  steps,  and  hence 
an  arbitrary  taper  configuration  is  represented  only  by 
changing  the  lengths  of  uniform  waveguide  be¬ 
tween  the  adjacent  step  discontinuities  as  shown  in 
Fig.  3.  The  objective  function  in  the  optimization  pro¬ 
cedure  is  defined  by  using  the  higher-order  mode  co¬ 
efficients  for  high  aperture  efficiency  or  the  radiation 
pattern  by  the  dominant  hybrid  mode  in  corrugated 
horns,  corresponding  to  the  purpose  of  the  horn  use. 
Finally,  the  minimum  length  L  is  determined  by  it¬ 
eration  of  the  above  procedure. 


(Circular 

waveguide) 


L  (Unknown  axial  shape)  V 
- 


I  (Circular 
g,  aperture) 

Fig.  1,  Basic  geometry  of  proposed  horn  antennas 


Fig.  2.  Equivalent  circuit  represented  by  the  gener¬ 
alized  scattering  matrices 


Ar 
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High-Performance  Horns  with  Optimized  Waving  Taper 


3.  Design  Examples  and  Experiments 

3.1.  High  Efficiency  HORN 
Figure  4  (a)  shows  the  waving  taper  configuration  of 
the  designed  horn  that  realizes  hi^  efficiency,  and  its 
external  view  of  the  fabricated  antenna  is  shown  in 
Fig.  4  (b).  The  objective  function  Si  in  this  optimiza¬ 
tion  is  defined  by  the  following  equations. 

£1  =  I'S'll,!  (\ )f  +  e,n,i  ) 

with 

=  Eh,,  |521,A:  (A,  (A,  )  -  4  f  )  , 

where  \  is  the  sampling  frequencies  within  the  given 
frequency  band,  5ii,i  and  52i,i  are  the  reflection  and 
the  transmission  coefficients  of  the  TEn  mode  for  the 
whole  structure  of  the  horn.  S2ik  and  are  the 

transmission  coefficients  and  the  desired  coefficients 
of  the  k  ^^-order  cylindrical  waveguide  modes  at  the 
horn  aperture,  respectively.  Nf  is  the  number  of  the 

sampling  frequency  points  relating  to  the  desired  band 
and  is  the  number  of  expanded  modes.  Also  Wj. 
and  are  weighting  functions.  Table  1  gives  the 
amplitude  and  phase  of  the  mode  coefficients  at 
the  horn  aperture  used  as  the  design  goal  in  our  opti¬ 
mization.  The  higher-order  TE  modes  work  to  maxi¬ 
mize  the  gain,  while  the  TM  modes  work  to  reduce 
the  cross  polarization  components. 

The  designed  horn  shown  in  Fig.  4  has  approxi¬ 
mately  flat  aperture  distribution  in  both  amplitude  and 
phase,  as  shown  in  Fig.  5.  The  measured  radiation 
patterns  shown  in  Fig.  6  are  good  agreement  with  the 
calculated  ones  in  both  the  co-polar  and  the  cross- 
polar  fields. 

Figure  7  shows  the  comparison  of  the  3-dB  and  10- 
dB  beam  widths  between  the  measured  and  the  calcu¬ 
lated  results  as  a  frmction  of  the  frequency.  Both  re¬ 
sults  agree  well  each  other.  Furthermore  we  evaluated 
the  aperture  efficiency  from  the  antenna  gain  meas¬ 
ured  by  means  of  the  standard  gain  horn.  High  aper¬ 
ture  efficiency  is  realized  as  shown  in  Fig.  8, 
comparing  with  a  conventional  TEnmode  horn.  Al¬ 
though  there  are  some  scatters  in  measured  results, 
they  also  agree  well  with  the  calculated  ones. 


Table  1.  Coefficients  of  higher-order  modes 


Mode 

Amplitude 

[dB] 

Phase 

[rad] 

Mode 

Amplitude 

[dB] 

Phase 

[rad] 

TE,2 

-10.6 

TC 

TMii 

-23.4 

0 

TE,3 

-14.8 

0 

TM12 

-23.3 

71 

TE,4 

-17.6 

K 

TM,3 

-22.9 

0 

a)  Taper  configuration  of  the  designed  horn 


b)  External  view 


Fig.  4.  High  efficiency  horn 


Fig.  5.  Aperture  distribution  at  center  frequency  of 
the  high  efficiency  horn 


3.2.  Low  Cross-Polarization  Horn 

Figure  9  (a)  and  (b)  shows  the  waving  taper  configu¬ 
ration  of  the  designed  antenna  with  low  cross  polari¬ 
zation  and  its  external  view  of  the  fabricated  horn. 
The  objective  function  £2  fhis  optimization  is  de¬ 
fined  by  considering  both  the  far-field  patterns  and  the 
return  loss  as  follows. 

Nf 

i—1 
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Fig.  6.  Radiation  patterns  of  the  high  efficiency-hom 


Measured 

Calculated 


with 

K 

j=l 

j=i 

where  \  is  the  sampling  frequencies  within  the  given 
frequency  band,  5ii,i  is  the  reflection  coefficient  of 
the  TE|  I  mode  at  the  horn  throat.  ,  and  f),  j  are  the 
E-  and  H-plane  co-polar  patterns,  respectively.  F^  i  is 

the  cross-polar  pattern,  G  is  the  far-field  pattern  radi¬ 
ated  by  an  ideal  corrugated  waveguide  horn,  Xp  is 

the  desired  peak  level  of  the  cross-polar  component, 
and  Uij  =  Ddn9jl\.  Nj  is  the  number  of  the 
sampling  frequency  points  relating  to  the  desired  band 


Fig.  7.  Beamwidth  as  a  function  of  frequency 


Fig.  8.  Aperture  efficiency  as  a  function  of  frequency 
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Fig.  12.  Peak  level  of  cross  polarization  component 
as  a  ftinction  of  frequency 


The  behavior  of  the  mode  conversion  caused  by 
this  taper  is  shown  in  Fig.  10.  To  achieve  the  low 
cross  polarization  characteristics  in  compact  size,  the 
five  higher-order  modes  are  successfully  excited 
along  the  taper  toward  the  aperture.  Figure  1 1  shows 
the  measured  radiation  patterns.  The  measured  results 
are  very  good  agreement  with  the  calculated  ones  in 
both  the  co-polar  and  the  cross-polar  patterns.  It  is 
confirmed  that  our  horn  has  ultra  low  cross  polariza¬ 
tion  in  very  compact  size. 

Figure  12  compares  the  frequency  characteristics  of 
the  peak  level  of  the  cross-polarization  component 


between  the  measured  and  the  calculated  results.  The 
waving  taper  obtained  here  works  well  for  the  low 
cross  polarization. 

4.  Conclusions 

Two  types  of  the  horns  with  the  waving-taper  con¬ 
figuration  have  been  developed  under  the  optimiza¬ 
tion  design  method.  The  numerical  and  experimental 
discussions  presented  here  have  verified  that  such 
configurations  work  well  to  realize  the  horns  with 
high  performance. 
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Abstract 

The  current  situation  with  the  Evpatoria  70-m  antenna  is  described.  This  unique 
70-meter  radio-telescope  antenna  (RT-70)  was  realised  between  1973  and  1978  and 
was  an  important  element  in  different  missions  as  antenna  in  transmit-receive  mode 
for  instance  for  the  missions  like  Venera,  Granat,  Interbol,  etc.  It  was  and  is  used  in 
other  modes  like  radar  for  planetary  and  asteroid  investigations  as  well  as  radio  tele¬ 
scope.  Its  current  state  is  such  that  after  and  with  the  necessary  maintenance  the  tasks 
can  be  continued  and  expanded.  Technical  activities  are  carried  out  today  with  in¬ 
volvement  of  the  first  author  for  the  technical  management  on  behalf  of  the  Ukrainian 
Space  Agency,  in  particular  today  the  “Interferometer”  -  project  be  mentioned.  The 
potential  for  future  use  is  briefly  indicated. 


1.  Introduction 

Several  ground-station  antennas  with  a  large  diameter 
have  been,  or  were  planned  to  be  constructed  in  Rus¬ 
sia,  Ukraine,  Uzbekistan,  Armenia  and  Baltic  coun¬ 
tries.  A  number  of  32  meter  antennas  was  realised, 
examples  are  the  antennas  in  Ussurijsk  (Russia), 
Evpatoria,  Simferopol  (both  Ukraine),  as  well  as  the 
32  m  antenna  in  Ventspils,  the  latter  is  nowadays  used 
by  the  Institute  of  Radio  Astronomy  in  Riga.  All  32  m 
antennas  have  a  good  surface  quality,  but  they  are 
currently  not  too  much  used.  Another  type  of  32- 
meter  antenna  has  been  designed  for  the  Quasar  pro¬ 
ject  and  the  32m  radio-telescope  near  Svetloe  (near  St. 
Petersburg)  is  an  example  of  such  type  of  antenna. 
Other  antennas  of  the  latter  [11]  type  are  realised  in 
Zelensjuk  and  Badari  (near  Irkutsk)  and  potentially 
near  Starya  Pustin  (near  Nizhny  Novgorod).  Near 
Moscow  the  64  m  receiving  antenna  was  realised  in 
the  early  eighties  (Bear  Lakes)  and  a  similar  type  of 
antenna  has  been  constructed  in  the  late  nineties  in 
Kalaizin  (near  Tver).  The  subject  here  concerns  the 
impressive  70  m  antenna  (started  in  1973,  finished  in 
the  1978)  near  Evpatoria.  A  similar  type  of  antenna 
was  realised  later  on  near  Ussurijsk  in  the  far  east  of 
Russia  and  a  start  was  made  with  the  realisation  of  the 
large  radio  telescope  antenna  in  Uzbekistan  (Suffa 
plateau).  The  latter  realisation  was  delayed  by  the 
political  events  and  its  current  realisation  is  subject  of 
collaborative  efforts  between  Russia  and  Uzbekistan. 


In  this  paper  we  concentrate  on  the  situation  with 
the  Radio-Telescope  (RT-70)  in  Evpatoria.  The  main 
plan  was  conceived  in  the  late  sixties,  early  seventies 
with  strong  support  of  Prof  Lev  Davidovich  Bak¬ 
hrakh.  Main  designers  of  the  RT-70  were  V.  B.  Tara¬ 
sov  and  A.  N.  Kozlov.  Details  are  found  (the  reader  is 
strongly  recommended  to  learn  some  Russian....)  in 
the  Journal  ‘Antenni’  nr  31  [1,  2],  in  ‘Radiofysica’  [3] 
and  later  on  in  [4, 5]. 

There  were  many  design  bureaux  and  institutes  in¬ 
volved  in  this  large  project  to  realise  the  antenna,  with 
to  mention  one  of  them:  ‘Special  Construction  Bureau 
for  Machine  building’  from  St.  Petersburg  (Tel:  +7- 
812-245-3619).  The  latter  organisation  has  currently 
the  metal  parts  for  the  ‘Suffa’antenna,  waiting  for 
realisation  in  Uzbekistan  (some  information  might  be 
found  in  the  Astro  Space  Centre  web  pages, 
www.asc.rssi.ru).  The  design  bureau  for  these  anten¬ 
nas  was  involved  in  the  early  sixties  in  the  realisation 
of  more  than  600  antennas  with  a  diameter  between 
2.6  and  32  meter  as  well  as  the  antennas  on-board  the 
9  tracking  vessels  amongst  which  the  ‘Kosmonaut 
Vladimir  Komarov’,  ‘Kosmonaut  Yuri  Gagarin’  and 
‘Academik  Serge  Korolev’.  Other  involvements  in¬ 
cluded  a  large  thermal  vacuum  facility  with  a  volume 
of  10000  m  3  and  launch  facility  aspects  for  the 
‘Byran’  and  ‘Energya’rocket  (the  latter  was  trans¬ 
ported  horizontally  and  erected  before  launch). 

The  RT-70  antenna  facility  is  unique  in  the  sense, 
that  it  was  the  first  shaped  dual  reflector  antenna  with 
such  a  large  diameter,  which  had  a  homologue  sup- 
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porting  construction  and  which,  thanks  to  the  shaping 
of  the  reflector  surfaces,  realised  an  aperture  effi¬ 
ciency  of  near  to  80  %.  Just  to  indicate  the  sizing  as¬ 
pect:  the  Westerbork  radiotelescope  consists  of 
14  antennas  (25  m  diameter)  and  has  a  collecting  area 
of  some  3500  to  4000  m^  slightly  smaller  than  the 
Effelsberg  100  meter  radio  telescope,  but  slightly  lar¬ 
ger  than  the  collecting  area  of  RT-70  (at  a  wavelength 
assumed  to  be  5  cm  wavelength). 

Such  a  type  of  reflector  shaping  exercises  for  high 
efficiency  dual  reflector  antennas  was  ongoing  in  the 
early  sixties  already  [6],  slightly  earlier  than  else¬ 
where  [7].  Furthermore,  in  order  to  realise  the  capabil¬ 
ity  to  switch  fast  between  different  frequency  bands,  a 
dedicated  feed  system  arrangement  has  been  devel¬ 
oped,  in  which  6  feeds  were  placed  on  a  circle  near 
the  secondary  focus.  A  small  dual  reflector  assembly 
with  two  shaped  nearly  elliptical  reflectors  has  been 
constructed  with  a  possibility  to  rotate  and  so  to  select 
as  a  sort  periscope  one  of  the  6  feeds  to  the  total  large 
dual  reflector  assembly.  The  latter  small  dual-reflector 
assembly  permits  to  use  one  of  the  6  feeds  at  the  time 
and  —  by  rotation  within  a  short  time  -  permits  to 
change  frequency  band.  It  is  only  4  to  5  A  in  size  at 
the  lowest  frequency  band.  Such  sizing  is  known  for 
its  diffraction  losses,  but  special  efforts  were  imple¬ 
mented  (sort  of  spoilers)  to  reduce  the  effects  of  dif¬ 
fraction  losses.  The  effect  of  small  size  reflectors  and 
shaping  was  discussed  later  on  in  [8]. 

For  the  higher  frequency  bands  these  losses  are  less 
pronounced,  as  the  relative  sizes  become  larger  in 
terms  of  wavelength.  Today  a  comparable  rotating 
dual  reflector  system  is  also  considered  for  implemen¬ 
tation  in  the  64  m  radio  telescope  to  be  realised  in 
Sardinia  [9, 10]. 

As  is  indicated  in  [1-5],  the  effects  of  gravitational 
compensation  have  been  thoroughly  studied  and  ap¬ 
proximate  formulas  were  derived  with  radio  astro¬ 
nomical  methods  to  correct  pointing  as  a  function  of 
elevation  and  azimuth,  this  leading  to  good  diagrams 
for  the  different  angular  directions  and  a  pointing 
knowledge  for  the  best  diagram  was  optimised.  The 
Gregorian  subreflector  can  be  translated  and  can  be 
axially  displaced. 

A  decision  for  the  Gregorian  configuration  was 
supported  by  investigations,  from  which  a  better  noise 
temperature  was  apparent  (less  spill-over,  better  roll¬ 
off  at  the  edge  of  the  main  reflector)  and  from  which 
more  complete  correction  possibilities  for  phase  dis¬ 
tortions  were  derived  for  gravity  compensation.  The 
RT-70  was  constructed  with  upgrading  to  shorter 
wavelength  in  mind,  as  a  very  good  demonstration  of 
antenna  design  capabilities. 

The  ongoing  developments  today  include  the  in¬ 
stallation  of  receive  capability  at  A  -21,  18,  13,  3.5 
and  also  1 .35cm  with  sufficiently  low  noise  tempera¬ 
ture,  while  a  wider  bandwidth  is  achieved  than  in  ear¬ 
lier  measurements. 

There  are  two  new  receivers  installed  in  the  RT-70 
antenna,  operating  at  327  MHz  and  4.8  GHz  respec¬ 


tively.  The  ‘Satum‘-association  in  Kiev  develops  an 
18  cm  receiver,  which  will  be  installed  this  year 
(2002).  The  latter  “Satum“-association  has  very  good 
experience  in  the  realization  of  cryogenically  cooled 
receivers  at  all  wavelengths  as  considered  for  the 
“Radio-Astron”-project,  as  well  as  for  other  applica¬ 
tions  like  in  Ratan  600. 

There  is  the  interest  to  equip  the  RT-70  antenna 
with  S-  and  X-band  receivers,  permitting  the  antenna 
to  handle  telemetry  data  in  receive.  With  such  a  set  of 
receivers,  the  total  set  of  capabilities  is  more  flexible, 
permitting  the  data  downlinking  for  scientific  mis¬ 
sions  as  well  as  telecom  missions.  The  latter  reception 
capability  would  also  be  functional  for  the  require¬ 
ments  for  astrometry,  as  well  as  eventual  support  pos¬ 
sibilities  for  other  scientific  missions  like  for  example 
Mars-Express  (exploring  discussions  between  ESA 
and  the  Ukrainian  Space  Agency  took  place  early 
April  in  2001).  Today  the  ‘Satum’-association  is  de¬ 
veloping  these  receivers  and  may  install  them  in  the 
RT-70  during  the  years  2002-2003. 

There  is  the  possibility  to  use  the  feed  for 
A  =  18  cm  for  both  Right-hand  and  Left-hand  circular 
polarization,  with  an  overall  effective  area  of  2300  ml 
The  327  MHz  band  (A  =  92  cm)  is  supported  with  a 
feed  array  with  four  helix  antennas  positioned  around 
the  secondary  focus.  The  effective  area  at  327  MHz  is 
1400  m*  and  the  associated  antenna  pattern  has  a  Half 
Power  Beam  Width  of  HPB  W  =  50  arcminutes. 

There  is  the  plan  to  install  also  a  22  GHz 
(A  =  1.35  cm)  receiver.  With  the  capabilities  then 
available,  the  Radio-Astron  mission  can  be  supported 
with  a  large  ground-based  radio  telescope.  The  question 
about  an  eventual  32  GHz  receiver  is  open,  because  the 
current  surface  accuracy  should  be  re-assessed. 

In  the  early  beginning  there  have  been  carried  out 
experiments  even  at  a  wavelength  A  =  8  mm,  with  a 
resulting  effective  area  of  900  m’  [3].  As  the  RT-70  is 
rather  well  designed,  some  improvement  might  be 
anticipated  from  such  an  investigation,  but  this  is 
somewhat  at  the  limit.  Also  the  pointing  capability  is 
then  an  aspect,  which  should  be  investigated,  in  com¬ 
bination  with  the  capability  to  adapt  the  position  of 
the  movable  sub-reflector. 

2.  Recent  Achievements 

In  the  last  year  the  concept  of  a  radio  astronomy  up¬ 
grade  and  use  of  RT— 70  antenna  as  one  of  the  largest 
centimeter-decimeter  wavelength  antennas,  was  pro¬ 
posed  by  the  Institute  of  Radio  Astronomy  (FRA).  The 
RT-70  antenna  belongs  to  the  National  Control  and 
Space  Facilities  Test  Center  (Evpatoria)  under  the 
Ukrainian  Space  Agency  (Fig.  1). 

This  upgrading  activity  is  supported  by  the  Na¬ 
tional  Ukrainian  Space  Agency  (NSAU)  with  a  num¬ 
ber  of  Ukrainian  and  Russian  organizations. 

The  principal  purpose  is  the  realisation  of  a  set  of 
high  sensitive  modern  radio  astronomy  equipment,  to 
put  it  into  operation  and  to  cany  out  scientific  investi¬ 
gations  with  RT-70  for  the  most  perspective  fields  of 
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Fig.  1.  The  70  meter  Radio  Telescope  (RT-70) 


RT-70, 327  MHz,  8.1998,  Ad~600  m^  ©a~50',  Ts~  100  K 


minutes  wrt  peak 

ground-space  radio  astronomy.  The  following  topical 

areas  are  considered  for  this  purpose: 

•  International  very  long  base  interferometer  (VLBI) 
experiments  including  activities  in  the  frame  of 
ground-space  interferometer  projects  (VSOP, 
VSOP-2,  Radioastron)  associated  with  the  ulti¬ 
mate  capability  of  angular  resolution  realization. 

•  Single-dish  high  sensitive  broad  band  investiga¬ 
tions  of  galactic  and  extragalactic  objects  in  con¬ 
tinuum  and  spectral  lines  for  the  study  of  physical 
and  evolution  processes  in  the  Universe. 


RT-70, 325  MHz,  Cas  A,  DAC,  4  x  1024 
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Fig.  3.  Results  at  Evpatoria  of  reception  of  carbon 
recombination  lines  in  four  frequency  hmds. 
Cassiopeia  as  source. 

4.8GHz,  11.1998  Aef~2100m^  @a~3.5', 
Ts~25-30  K,Vif~  100-600  MHz 


•  Radar  investigations  of  natural  and  artificial  solar 
system  objects  including  the  using  of  VLBI  meth¬ 
ods  for  planets,  asteroids,  meteors,  space  debri, 
satellites. 

•  Ground-space  investigations  of  the  interplanetary 
medium  by  signals  transmission  from  deep  space 
satellites  and  natural  space  radio  sources. 

•  VLBI  radio  astrometry  for  coordinate-time  tasks, 
geodynamics,  precise  space  navigation. 

During  the  years  1998-1999  a  number  of  technical 
and  scientific  works  was  carried  out. 

The  following  new  equipment  was  developed  and 
installed  into  the  RT-70  antenna  for  the  325hfflz 
frequency  range;  an  antenna  feed;  a  radio  receiver 
including  low  noise  preamplifier,  high  selective  filters 
for  interference  rejection,  frequency  transformers  and 
amplifiers,  heterodynes,  continuum  radiometer,  digital 
correlometers,  the  Mark  11  recording  system.  Antenna 
measurements  show  as  system  parameters:  system 
temperature  about  100  K;  effective  area  600  m^.  The 
beam-width  is  50  angular  minutes. 

Fig.  2  illustrates  the  registration  of  the  antenna  pat¬ 
tern  with  Virgo  A  as  reference  radio  source.  The  up¬ 
per-left  pattern  is  the  central  scan,  the  other  two  scans 
correspond  to  the  scans  with  a  shift  of  ±  30  angular 
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Fig.  4.  Test  result,  Cygnus  A  as  a  source,  different 
receiving  stations  involved 
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Fig.  5.  Response  for  an  interferometer  baseline.  Re¬ 
ception  at  Evpatoria  and  Svetloe  near  St. 
Petersburg 

minutes  away  from  the  main  direction.  The  antenna 
pattern  is  symmetrical  for  both  cross-sections  and 
some  pointing  information  is  deduced  from  the  pat¬ 
terns  at  +  and  -30  angular  minutes. 

Fig.  3  shows  observations  of  carbon  recombination 
lines  observations  with  digital  correlation-meters  in  four 
frequency  bands  towards  Cassiopeia  A.  All  four  recom¬ 
bination  lines  were  detected  very  reliably.  During  August 
and  November  1998  a  number  of  VLBl  experiments 
have  been  carried  out  with  the  international  low  fre¬ 
quency  VLBI  net  as  a  precursor  for  the  future  “Radio 
Astron”  project.  The  magnetic  tapes  are  processed  in  JPL 
laboratory  in  USA.  New  equipment  for  4.8  GHz  is  a 
two-channel  receiver  with  a  micro-ciyogenic  closed  cy¬ 
cle  system  cooled  to  a  temperature  of  6-8  K.  The  re¬ 
ceiver  can  be  used  both  for  radio  astronomy  observations 
and  for  the  radar-working  regime.  The  intermediate  fre¬ 
quency  range  is  100-600  MHz. 

The  S2  registration  system  was  installed  temporally 
by  the  Institute  of  Applied  Astronomy  (St  Petersburg, 
Russia  [11]).  The  test  have  shown  that  the  system 
total  noise  temperature  is  25-35  K,  the  effective  area 
is  of  an  order  of  2000  m^  and  the  beam-width  is  about 
3  angular  minutes.  With  the  given  2000  m*  effective 
area,  the  reader  should  be  in  a  position  to  estimate 
other  parameters  associated  like  G/T  at  4.8  GHz  as 
something  like  53.5  dB/K. 

Fig.  4  shows  the  result  of  a  test  experiment  with 
Cygnus  A  as  reference  radio  source.  During  the  June 
1999  a  number  of  4.8  GHz  VLBI  experiments  were 
carried  out.  Fringes  were  detected  with  high  reliabil¬ 
ity,  for  example,  on  the  baseline  Evpatoria  (Ukraine) 
-  Svetloe.  For  the  information  to  the  reader:  Svetloe  is 
near  St.  Petersburg,  see  [1 1]  for  a  description  of  that 
32  m  antenna  (QUAZAR)  by  V.  Gratchev. 


Fig.  6.  Radar  response  spectra  for  the  reflected 
spectra  from  Venus 

Fig.  5  shows  the  interferometer  response  for  this 
baseline  (~  2000  km)  during  the  observations  of  qua¬ 
sar  0745+241.  The  horizontal  axes  correspond  to  the 
delay  (0-8  mks)  and  power  spectra  (0-0.15  Hz).  We 
can  observe  a  strong  localization  of  the  signal  for  both 
parameters  (time  and  frequency)  with  very  high  sig- 
nal-to-noise  ratio.  It  confirms  the  high  reliability  and 
quality  of  the  experiment. 

Furthermore,  Fig.  6  shows  mutual  spectra  of  re¬ 
flected  signal  from  the  Venus  during  radar  experiments 
in  VLBI  mode  for  frequency  band  of  200  Hz.  The  sig- 
nal-to-noise  ratio  is  very  high.  Fringes  were  detected 
successfully.  The  processing  was  made  by  the  Institute 
of  Applied  Astronomy,  St.  Petersburg,  Russia. 

Furthermore,  the  first  test  ground-space  VLBI  ex¬ 
periment  was  carried  out  on  RT-70  antenna  within  the 
frame  of  the  VSOP  (Haica)  project.  The  quasar  1351- 
145  was  observed  together  with  space  radio  telescope 
and  with  some  ground-based  antennas  in  southern  part 
of  the  Earth.  Now  the  S2  magnetic  tapes  are  prepared 
for  processing  in  Canada.  With  these  achievements 
the  first  step  in  the  creation  of  a  modem  ground-space 
radio  astronomy  center  on  the  base  of  RT-70  antenna 
has  ended.  There  are  very  good  perspectives  for  future 
developments  in  this  domain  of  research. 

During  the  recent  years  the  next  steps  in  the  develop¬ 
ment  and  upgrade  of  RT-70  antenna  (Evpatoria)  were 
carried  out.  It  was  connected  with  the  installations  of 
nw  ^uipment  and  methods  as  well  as  with  the  single¬ 
dish  investigations,  VLBI  experiments,  preparation  of 
the  participation  in  the  ground-space  interferometer  pro¬ 
jects  and  radar  investigations  of  natural  and  artificial 
solar  system  objects  with  using  of  VLBI  methods  for 
planets,  asteroids,  meteors,  space  debris,  satellites. 
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3.  Space  Debri  AND  Radar 
Investigations 

New  results  are  presented  in  this  report  involving  the 
Evpatoria  antenna,  in  the  context  of  space  debris  research. 

The  RT-70  antenna,  Evpatoria  belongs  to  the 
world-largest  antenna  systems  and  is  a  “Europe- 
unique”  receiving  antenna  capable  of  being  fed  with  a 
high-power  transmitter.  The  associated  critical  system 
parameters  are  given  in  Table  1. 

Way  back  in  the  eighties  the  RT-70  antenna  was  re¬ 
peatedly  used  in  radar  research  of  planets  and  asteroids. 
In  recent  years  this  transmit-receive  system  has  been 
upgraded  and  equipped  with  new  radio-astronomical 
facilities.  This  has  enabled  expansion  of  various  radio- 
astronomical  research  and  resuming  radar  experiments, 
including  those  employing  the  VLBI-methods.  In  1999 
the  international  6-cm  experiments  for  Venus  and  Mars 
were  a  success.  There  was  radiation  and  reception  in 
Evpatoria  (Ukraine),  reception  in  Svetloe  (Russia)  and 


Table  1. 


Main  dish  diameter: 

70  m 

Effective  area  at  6  cm  wave¬ 
length: 

2200  m^ 

Transmitter  output: 

100-200  kW 

PG-factor  (product  of  antenna 
input  and  gain): 

0.5-1  GW 

Beam  Width  at  6  cm  wavelength 

3.5  arcmin. 

Pointing  accuracy: 

- 10  arc  sec 

Sysem  noise  temperature  with 
cryogenic  6-cm  receiver: 

40  K 

Polarization 

Circular 

Shanghai  (China).  The  interference  lobes  informative 
of  the  planet  surface  were  recorded  with  high  signal-to- 
noise  ratio  on  all  baselines. 

When  one  considers  the  RT-70  power  budget,  the 
system,  when  used  together  with  an  available  receiv¬ 
ing  antenna  of  32-m  in  diameter,  can  be  easily  shown 
to  be  capable  of  detecting  space  debri-partinles  with  a 
size  of  some  mm  on  orbits  to  400  km  and  accordingly 
some  cm  at  geo-stationary  orbits. 

In  2001  an  initial  series  of  space-debri  radar  ex¬ 
periments  was  carried  out,  after  a  system  upgrade  and 
high-power  transmitter  repair.  The  transmitter  tubes 
have  been  repaired  in  Kiev.  The  experiments  con¬ 
sisted  in  radiating  a  continuous  signal  with  a  power 
level  of  roughly  100  kW  at  the  frequency  around 
5  GHz  (in  some  cases  there  was  used  a  frequency 
modulation)  towards  the  cataloged  space  vehicle 
fragments  of  about  1-m  scattering  cross-section, 
mainly  in  geo-stationary  orbits.  In  testing  also  other 
targets  like  reference  satellites  in  a  high-elliptic  orbit 
(apogee  to  19,000  km)  were  considered  as  well.  Dif¬ 
ferent  antennas  in  Russia  and  other  countries  (Svetloe, 
Kalyazin,  Bear  Lakes  -  Russia,  MERLIN  -  Great 
Britain,  Medicina  -  Italy,  Torun  -  Poland,  Shanghai 
-  China,  and  others)  were  receiving  the  signals.  In 
total  more  than  10  objects  were  explored.  In  silent 
intervals  between  the  radiation  sessions  the  above 
antennas  were  receiving  the  radio  emission  from 
quasi-stellar  sources  with  coordinates  very  close  to  the 
debris  objects.  This  allowed  to  monitor  the  antenna 
pointing  accuracy,  serviceability  of  receiving  equip¬ 
ment  and  to  utilize  a  new  VLBl-radar  method  to  es¬ 
sentially  improve  the  positioning  accuracy  with  the 
differential  radio-astrometiy  method. 

Practically  all  signals  echoed  from  the  studied  ob¬ 
jects  were  reliably  detected  with  all  antennas.  As  an 
example.  Fig.  7  illustrates  spectra  of  the  echo  signals 
recorded  by  the  MERLIN  and  Bear  Lakes  antennas. 
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4.  Other  Large  Aperture  Antennas 

Not  far  away  from  the  RT-70  system  there  are  some 
other  large  cm-wavelength  antenna  configurations  in 
the  Ukraine.  These  antennas  are  the  RT-22  (Simeiz), 
the  RT-32  (Evpatoria)  and  the  RT-32  (Simferopol) 
antenna  (Fig.  8).  They  all  can  well  effectively  receive 
the  echoes  of  space  debris  echoes  in  the  research  ses¬ 
sions.  Further  improvement  of  the  RT-70  transmit- 
receive  system,  in  particular  the  increase  of  the  trans¬ 
mitter  output  power  and  frequency  deviation,  is  of 
current  concern. 

There  has  been  accumulated  a  lot  of  data  on  meteor 
trails  in  the  upper  atmosphere,  these  data  were  ac¬ 
quired  in  the  meter  wavelengths.  There  are  strong 
arguments  to  hold  a  remarkable  part  of  the  latter  data 
as  caused  by  space-debri  partifiles.  The  radar  search¬ 
ing  of  parent  bodies  in  meteor  streams  at  centimeter 
wavelength  is  of  interest. 

Further  development  of  VLBI-radar  of  space  bodies  is 
of  interest  as  it  ensures  an  unprecedented  positioning 
accuracy  and  thus  fixes  the  actual  traces  of  these  bodies. 

The  Ukraine's  radar  system  satisfies  up-to-date  re¬ 
quirements  for  supporting  investigations  into  space 
debris  problems. 

The  RT-70  space-object  radar  pilot  experiments  did 
already  give  evidence  for  promising  prospects  for 
expansion  into  this  direction. 

Many  Ukrainian  organizations  (the  Institute  of  Ra¬ 
dio  Astronomy  of  the  National  Academy  of  Sciences 
of  Ukraine  being  the  leading  institution)  participated 
in  preparation  and  equipment  of  the  RT-70  system,  as 
well  as  in  the  research  activity.  Within  the  frame  of  a 
Ukraine-Russia  cooperative  agreement,  several  Rus¬ 
sian  organizations  actively  contribute  to  these  efforts 
too  -  ASC  FIAN,  IRE  RAS,  (Moscow),  lAA  RAS 
(St.-Petersburg),  NIRFI  (NizhnyNovgorod),  et  al.  It 
indicates  the  continuation  and  strong  interest  to  main¬ 
tain  this  unique  instrument. 

5.  Conclusions 

The  radio  telescope  RT-70  has  been  described  in  outline 
and  somewhat  in  history.  It  is  a  ve?y  elegant  antenna 
desi^  with  at  its  time  of  construction  very  advanced 
solutions  implemented  for  various  technical  problems. 

Nowadays  there  is  a  continuous  effort  ongoing  to 
maintain  the  operational  capabilities  of  this  unique 
instrument.  A  number  of  activities  have  been  outlined. 
Recent  results  have  been  indicated  and  the  interest  to 
use  such  antenna  for  different  applications  related  to 
space  projects  has  become  clearer. 
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Abstract 

Gigantic  antennas  for  space  use  are  needed  in  many  potential  applications  such, 
and  have  different  features  from  gigantic  antennas  for  terrestrial  use.  This  paper  first 
enumerates  the  application  fields  and  relevant  requirements.  The  actual  antenna  for 
space  VLBl  and  satellite  Halca  is  described  with  our  experiences  in  the  development 
process.  Current  activities  on  gigantic  antennas  with  diameter  larger  than  several 
hundred  meters  are  presented  in  relation  with  SPS. 

Keyword:  satellite  communications,  space  radio  astronomy,  microwave  power 
transmission,  solar  power  satellites,  gigantic  antenna,  aperture  array 


1.  Introduction 

Gigantic  antennas  for  space  use  are  needed  in  future 
satellite  communications  [1],  space  radio  astron¬ 
omy  [2]  or  micro’svave  po'wer  transmission  from  solar 
power  satellites  (SPS)  [3].  The  diameter  of  such  an¬ 
tennas  should  be  several  tens  meters  or  even  one  km. 

The  antenna  is  carried  to  space  by  a  single  launch 
to  be  deployed,  or  by  several  launches  to  be  assem¬ 
bled.  For  these  purposes,  the  mechanical  structure  of  a 
gigantic  antenna  is  of  prime  importance.  Up  to  now, 
the  structures  suitable  for  a  single  launch  have  been 
proposed  such  as  an  umbrella  type  [4],  a  wrap  rib 
type  [5],  and  a  hoop  column  type  [6].  Another  deploy¬ 
able  antenna  is  a  tension-truss  type  which  was  pro¬ 
posed  by  Dr.  Miura  [7].  This  type  of  an  antenna  was 
actually  applied  to  the  antenna  aboard  Halca  satellite 
for  space  VLBI  in  Japan  [8]. 

The  antenna  with  a  larger  diameter  than  several 
tens  meters  may  be  composed  of  a  lot  of  radiators,  and 
require  several  launches.  Some  concepts  have  been 
proposed  and  studied  especially  for  a  solar  power  sat¬ 
ellite  SPS  [9- 1 1  ] .  The  beam-scanning  capabi  lity 
should  be  implemented  to  comply  with  the  visible 
time  of  each  revolution. 

From  the  viewpoints  of  radiation  characteristics,  a 
gigantic  antenna  is  associated  with  several  difficulties: 
the  appearance  of  grating  lobes  and  pattern  degrada¬ 
tion  due  to  antenna  deformation.  If  the  element  radia¬ 
tor  is  a  resonant  half  wavelength  one,  the  spacing 
between  the  radiators  can  be  made  small  enough  to 
suppress  the  grating  lobes.  But  the  number  of  the  ra¬ 
diators  amounts  to  be  enormous  in  order  to  cover  a 
wide  aperture  of  a  gigantic  antenna. 


The  gigantic  antennas  have  been  studied  in  Japan 
to  be  used  in  SPS  systems.  We  proposed  the  concept 
of  the  array  antenna  of  element  apertures  which  can 
significantly  reduce  the  number  of  the  radiators  [12]. 
But  the  design  to  suppress  the  grating  lobes  is 
needed  [13]. 

This  paper  fist  presents  the  requirements  of  gigan¬ 
tic  antennas  and  the  conditions  for  their  utilization  in 
space.  Then,  the  development  of  the  10  m  antenna  for 
Halca  satellite  is  described  with  our  experiences. 
Next,  SPS  systems  which  need  satellite-borne  anten¬ 
nas  with  a  diameter  larger  than  several  hundred  me¬ 
ters  are  presented.  Our  research  results  will  be 
described  in  detail. 

2.  Needs  for  Gigantic  Antennas 

Fixed  satellite  communication  systems  require  gigan¬ 
tic  antennas  for  the  purpose  of  frequency  reuse  by 
narrowing  zones.  The  half-power  full-width  angle 
^HP  of  a  beam  satisfies  the  following  formula. 

^HP  ~  1.2  A  /  D 

*^ZONE  =  ^HP  • 

where  D  :  antenna  diameter,  A :  wavelength,  Dzo'se  • 
diameter  of  a  ground  irradiation  zone,  :  distance 
between  a  satellite  and  an  earth  station. 

If  D20NE  IS  100  km  at  4.6  GHz,  an  antenna  of 
30  m  diameter  is  required.  Mobile  communications 
via  a  satellite  aim  to  supply  strong  field  on  the  ground 
in  addition  to  narrowing  zones. 

Space  VLBI  systems  aim  high  sensitivity.  For  ex¬ 
ample,  ARISE  of  United  States  is  assumed  to  carry 
the  antenna  of  30  m  diameter  at  80  GHz.  Microwave 


0-7803-7881 -4/03/$17.00  ©2003  IEEE. 


Tadashi  Takano 


power  transmission  from  a  solar  power  satellite  (SPS) 
requires  an  antenna  of  1  km  diameter  at  2.45  GHz. 

A  gigantic  antenna  should  satisfy  the  following 
electric  conditions: 

1 .  Beam  width:  narrow  (high  gain) 

2.  Beam  direction  stability 

3.  Frequency  band 

4.  Transmission  (T)/ reception  (/?) 

SPS:  T  only 

Communication:  T  and  R 
VLBI:  R  only 

5.  Sidelobes,  noise  and  feeder  loss 

The  items  (I)  and  (2)  are  more  general  and  common 
to  many  applications,  but  the  items  (3)  to  (5)  are  de¬ 
pendent  on  an  application  system.  The  frequency  band 
may  be  narrow  in  SPS  because  a  continuous  wave  is 
transmitted,  but  should  be  wide  in  VLBI  because  the 
radio  wave  from  a  radio  star  is  almost  a  noise.  Com- 
munications  use  a  medium  frequency  band. 

The  following  space  conditions  are  also  imposed 
on  antennas  for  space  use: 

1 .  Weight  and  size  of  a  unit:  transportation. 

2.  Temperature:  +100°C  on  the  solar  irradiation 
side,  and  -!00'’C  shadow  side 

Resultant  deformation  of  the  1"  order  causes  the 
beam  deflection,  and  the  2"'*  order  does  the  gain 
degradation. 

3.  Examination  and  test. 

As  the  antenna  structure  is  flexible  to  lessen  the 
weight,  the  compensation  between  the  gravity  of 
I  G  and  0  G  is  needed.  Usually,  Near  Field  Pattern 
(NFP)  measurement  as  a  whole  is  impossible. 

4.  Vibration  conditions. 

3.  VSOP  AND  HALCA  Satellite 

The  VSOP  stands  for  VLBI  Space  Observatory  Pro¬ 
ject  which  uses  a  large  antenna  aboard  a  satellite  in 
combination  with  a  large  antenna  on  the  ground.  This 
space  VLBI  system  improves  greatly  the  resolution  of 
the  radio  wave  interferometry  by  extending  the  base¬ 
line  farther  than  the  earth’s  diameter.  The  antenna  on 
the  dedicated  satellite  Halca  has  a  maximum  diameter 
of  10  m,  and  should  operate  at  1.7  GHz,  5  GHz  and 
25  GHz. 

The  antenna  aboard  Halca  satellite  is  designed  in 
the  tension  truss  concept:  Thousand  of  flexible  cables 
are  stretched  by  extensible  masts  to  form  a  parabolic 
surface,  and  a  reflecting  mesh  is  attached  on  the  ca¬ 
bles,  as  shown  in  Fig.  1.  As  the  concept  is  quite 
unique,  we  had  many  experiences  with  the  deployable 
antenna  of  Halca. 

In  the  development  process,  we  suffered  from  dif¬ 
ficulties  of  deployment.  At  the  first  stage,  a  deploy¬ 
ment  test  model  of  the  one-third  reflector  could  not  be 
deployed  due  to  the  entangling  of  cables  with  struc¬ 
tures.  The  flight  model  mast  in  the  deployment  test 
was  also  hooked  due  to  the  interference  of  moving 
structures.  We  trimmed  structural  components  in  or¬ 
der  to  eliminate  the  trouble. 


{b)  Deployed  state 


Fig.  1.  Structure  of  Halca  antenna 

Vibration  test  requires  quite  strong  vibration  level 
due  to  our  launching  rocket,  so  that  the  antenna  itself 
and  a  shaker  can  not  tolerate  it.  We  contrived  the 
method  of  frequency  division  excitation  in  analogy  of 
frequency  division  multiplexing.  First,  the  antenna 
was  shaken  at  a  lower  level,  and  the  modal  analysis  of 
the  spectral  response  was  carried  out.  Then,  the  total 
frequency  bandwidth  was  divided  to  several  bands 
each  of  which  includes  the  coupled  modes.  As  a  re¬ 
sult,  the  vibration  level  was  kept  within  the  tolerance 
of  the  shaker.  We  also  had  an  interesting  experience 
in  the  vibration  test  of  the  extensible  ma.st  in  the 
folded  state.  When  a  random  wave  was  imposed,  the 
mast  got  longer  gradually.  We  understood  that  the 
mast  was  extended  by  an  exceptionally  strong  force, 
but  could  not  move  to  the  other  side  due  to  the  me¬ 
chanical  stopper.  As  a  result,  random  wave  was  recti¬ 
fied  and  caused  a  bias,  analogous  to  electrical  circuits. 
In  order  to  overcome  the  situation,  we  attached  a 
small  spring  which  was  quite  effective  to  absorb  spon¬ 
taneous  spikes,  as  is  equivalent  to  a  capacitor  in  the 
electrical  circuit. 

The  analysis  of  radiation  characteristics  was  also 
peculiar  to  a  reflector  composed  of  many  flat  facets. 
With  the  rigorous  ray  tracing  to  determine  the  field 
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Table  1.  SPS  Reference  System  Description 


SPS  generation  capability  (utility  interface) 

5  GW 

Overall  dimensions  of  the  solar  cell  panel 

5x10x0.5  km 

Satellite  mass 

5-1  O'*  ton 

Construction  location 

GEO 

Microwave  transmission  antenna  diameter 

1km 

DC-RF  converter 

Klystron 

Frequency 

2.45  GHz 

Rectenna  dimensions 

10x13  km 

distribution  on  the  aperture,  we  had  a  wrong  result. 
We  should  adopt  an  approximate  ray  tracing  which 
ignores  the  Snell’s  law  at  the  flat  facet  of  the  reflector. 
An  electric  model  was  manufactured  to  verify  the 
validity  of  the  analysis. 

Concerning  the  electrical  characteristics,  I  pro¬ 
posed  a  subreflector  adjustment  mechanism  to  com¬ 
pensate  the  antenna  deformation.  But  the  idea  was 
rejected  due  to  the  severe  limitation  of  the  total 
weight,  as  happens  often.  Another  concern  was  the 
connection  of  the  antenna  and  LNA.  I  proposed  to  use 
a  flexible  waveguide,  or  to  attach  a  small  box  of  LNA 
to  a  large  structure  of  the  antenna.  But  it  was  finally 
decided  to  precisely  install  a  bracket  and  connect  the 
two  components  with  a  rigid  waveguide  of  low-loss. 
This  connection  seemed  to  be  broken  by  the  shock 
during  launch. 

We  learned  the  following  lessons  in  the  project: 

1.  During  a  research  period  prior  to  development, 
we  should  write  papers  as  a  researcher. 

2.  It  is  important  for  antenna  engineers  to  give  in¬ 
fluence  and  powerful  motivation  for  a  project  to 
adopt  their  ideas. 

3.  The  interfaces  should  be  flexible,  and  be  deliber¬ 
ated  by  antenna  specialists. 

4.  Solar  Power  Satellite  System 

4. 1 .  Reference  System 

The  energy  consumption  by  the  mankind  has  been 
greatly  increased  after  the  Industrial  Revolution,  but 
will  be  limited  in  a  near  future  by  the  oil  exhaust.  The 
power  generation  in  space  and  its  transmission  to  the 
earth  via  a  microwave  beam  is  regarded  as  a  possible 
solution  of  the  energy  crisis.  The  solar  power  satellite 
(SPS)  concept  was  proposed  by  Dr.  Peter  Glaser  in 
1968.  After  the  evaluation  by  NASA  Office,  the  refer¬ 
ence  system  description  and  preliminary  environ¬ 
mental  and  societal  assessments  was  published  by 
Department  of  Energy  of  USA  (DOE)  in  1978. 

The  satellite  and  the  microwave  power  transmission 
are  illustrated  in  Fig.  2.  Table  1  shows  the  main  parame¬ 
ters  of  the  SPS  Reference  System.  An  antenna  of  1  km 
diameter  is  required  to  focus  the  beam  within  a  rectenna 


Table  2.  SPS  2000  System  antenna  parameters 


Satellite  shape  and 
dimensions 


Triangular  column,  336x303  m 


Satellite  mass 


224  ton 


Satellite  orbit 


Circular,  1 100  km  above  the 
ground 


Frequency 


2.45GHz 


Beam  control 


Retrodirective 


Beam  scanning 
angle 


-30°  —  +30°  (east-west) 
-16.7°  +  +16.7°  (north-south) 


Transmitting  power 


10  MW 


Antenna  shape  and 
dimension 


132x132  m  square 


Antenna  mass 


134  ton 


iNumber  of  antenna 
elements 


2.5T0^  units 


(rectifier  and  antenna)  on  the  ground  from  the  Geosta¬ 
tionary  Earth  Orbit  of 36,000  km  above  the  equator. 


4.2.  SPS  2000  System 

In  Japan,  the  simplified  version  was  proposed  as 
SPS  2000  system  which  is  shown  in  Fig.  3.  The  most 
significant  difference  is  that  the  satellite  flies  1 100  km 
above  the  ground.  Therefore,  the  power  transmission 
antenna  can  be  relatively  small,  but  should  be  steered 
to  point  the  beam  to  rectenna  sites  on  the  ground  ac¬ 
cording  to  the  satellite  revolution. 

The  main  parameters  of  SPS2000  are  summarized 
in  Table  2,  The  satellite  mass  and  dimensions  suggest 
easier  realization  than  the  Reference  System.  The  an¬ 
tenna  system,  however,  needs  the  control  of  a  beam 
which  will  be  realized  by  a  large  scale  of  a  phased 
array  antenna  with  2.5  million  elements.  The  mass 
and  size  of  the  antenna  are  still  quite  large. 


Fig.  2.  SPS  Reference  System 
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5.  Gigantic  Antennas  with  about  1  kw 
Diameter 

A  gigantic  antenna  with  about  1  km  diameter  can  be 
thought  of  in  the  three  types,  as  shown  in  Fig.  4.  A 
single  aperture  has  a  parabolic  surface  with  possibly 
300  m  depth.  The  array  of  small  radiators  is  the  one 
proposed  in  the  Reference  System,  and  needs 
2- 10*  elements. 

We  proposed  the  array  of  apertures  each  of  which 
IS  much  larger  than  a  wavelength,  for  example  10  m 
diameter.  The  elements  are  10^  in  number  and  can 
adjust  the  phase  distribution  as  a  whole.  The  beam 
scanning  capability  of  this  type  is  limited  in  ±0.4 
degree,  which  is  sufficient  for  application  to  a  GEO 
satellite.  The  total  weight  of  the  aperture  array  an¬ 
tenna  is  estimated  to  be  17  ton  which  can  be  carried 
by  a  single  launch  of  a  space  shuttle.  On  the  other 
hand,  the  small  radiator  array  antenna  needs 
5  launches  of  a  shuttle.  Another  merit  of  the  aperture 
array  antenna  is  found  in  the  assembly  process. 
Transportation,  deployment  and  direction  adjustment 
can  be  pursued  according  to  the  unit  of  an  element 
aperture. 

The  aperture  array  antenna  in  the  most  densely- 
packed  arrangement  has  the  following  technical  sub¬ 
jects: 

1 .  How  to  match  the  radiation  pattern  of  a  primary 
radiator  with  the  shape  of  an  element  aperture. 

2.  How  to  suppress  grating  lobes. 

3.  How  to  patch  the  gap  between  apertures. 

We  developed  a  special  horn  to  radiate  a  hexagonal 
beam  for  the  term  (1).  The  adjustment  of  the  field 
distribution  on  both  the  element  aperture  and  the  total 
aperture  is  efficient  to  the  term  (2),  as  shown  in  Fig.  5. 

For  the  term  (3),  a  number  of  small  parasitic  radia¬ 
tors  are  installed  to  couple  the  adjacent  apertures.  The 
experimental  system  is  shown  in  Fig.  6.  The  height  of 
seventeen  dipoles  of  a  half-wavelength  affects  the 
gain  of  the  total  system,  as  shown  in  Fig.  7. 

Finally,  the  height  of  each  dipole  was  so  optimized 
that  the  antenna  gain  in  this  case  is  0.9  dB  higher,  and 
the  first  sidelobe  level  is  1.5  dB  lower  than  the  case 


(a)  Array  of  small  radiators 


(b)  Array  of  apertures 


(c)  Single  aperture 

Fig.  4.  Three  concepts  of  gigantic  antennas 


RADIATION  ANGLE  [deg.] 


Fig.  5.  The  radiation  pattern  of  the  aperture  array 
antenna 
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ATITIAMTEMNA  UNDER  TEST 


ATTENUATOR 


Fig.  6.  Experimental  system  of  electrical  patching 


HEIGHT  OF  PARASITIC  ELEMENTS  [mm] 


Fig.  7.  Gain  variation  of  the  model  antenna  with  17 
parasitic  elements 

without  the  dipoles.  This  system  has  been  well  ana¬ 
lyzed  assuming  that  the  parasitic  elements  are  irradi¬ 
ated  by  two  pyramidal  horns  in  the  near  field,  and  the 

current  is  induced  on  the  parasitic  elements. 

6.  Conclusion 

•  A  gigantic  antenna  with  a  diameter  of  1 00  m  to 
1  km  is  realizable. 

•  Its  realization  requires  research  activities  and  of¬ 
fers  many  research  topics. 

•  Collaboration  of  electrical  and  mechanical  engi¬ 
neers  is  in  evitable. 

•  The  tests  should  be  studied  for  both  of  an  antenna 
itself  and  its  application  system. 
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Abstract 

of ‘he  Special  Mechanical  Engineering  Design  Office  activities  in  the 
sphere  of  tracking  and  communication  means  development  -  optical  and  radio  tele- 

of  ‘he  las‘  century,  provided  for  the  implementation 
practiwlly,  of  all  the  space  studies  and  programs  in  the  USSR,  has  been  given  in  the  re¬ 
port.  The  data  on  the  problem  trends  in  relevancy  over  the  recent  years  has  been  given. 


1.  Introduction 

The  space  studies,  with  the  use  of  unmanned  and  the 
piloted  spacecrafts,  started  in  the  middle  of  the  last 
century,  as  well  as  the  expansion  of  astronomical  and 
radio  physical  studies  of  the  Universe,  have  required 
the  development  of  optical  and  radio  telescopes  of 
new  generation. 

The  solution  of  this  problem  was  entrusted  to  the 
Special  Mechanical  Engineering  Design  Office 
(KBSM),  having  acquired  by  that  time  a  lot  of  ex¬ 
perience  in  development  of  the  alt-azimuthal 
mountings  for  the  artillery  systems  to  meet  the  in¬ 
creased  requirements  in  respect  to  rigidity  of  con¬ 
structions,  accuracy  of  guidance  and  reliability 
Thus,  since  1954,  the  KBSM  has  become  the  lead¬ 
ing  company  in  the  country  in  the  designing  of  op¬ 
tical  and  radio  telescopes. 

2.  Optical  Telescopes 

In  the  period  from  1956  to  1963.  the  optical  tele¬ 
scopes  AZT-10,  AZT-1  1,  AZT-12  with  mirrors  aper¬ 
ture,  respectively,  1  m,  1.25  m,  1.5  m,  as  well  as  the 
largest  in  Europe  telescopes  ZTS  with  the  mirror  aper¬ 
ture  of  2.6  m  (Krymskaya  and  Byurokankaya  Obser¬ 
vatories),  and  the  unique  BTA  telescope  with  the 
mirror  diameter  of  6  m  for  the  Zelenchuk  Observatory 
had  been  manufactured  and  commissioned. 

All  the  mentioned  telescopes  have  been  in  opera¬ 
tion  until  present,  although  they  do  have  a  rather  long 
length  of  service. 


3.  Antenna  Mountings 

3.1.  STATIONARY  AM 

The  contribution  of  the  KBSM  to  the  development  of  the 
antenna  stock  of  the  country  is  especially  significant. 
Dozens  of  antenna  mountings  of  various  purposes,  with 
the  diameter  of  the  reflecting  surface  from  2  to  70  m, 
with  total  quality  of  more  than  600  units,  ensuring  the 
reception  and  transmission  of  data  in  the  centimeter  and 
decimeter  bands,  have  been  designed  and  commissioned 
for  50  years  by  the  operation  in  this  sphere. 

In  1 960,  in  Crimea  (the  region  of  Sevastopol),  the  first 
in  the  country  large  antenna  mounting  with  the  mirror 
diameter  of  25  m  was  commissioned;  which  in  1962, 
was  replaced  by  32-meter  one.  This  antenna  has  reliably 
provided  for  the  communications  of  all  first  national 
space  programs,  including  the  flights  of  the  first  cosmo¬ 
nauts,  control  of  automated  self-propelled  spacecrafts 
Lunokhod- 1”  and  **Lunokhod-2”,  and  many  more. 

The  further  development  of  close  and  distant  space 
has  posed  to  the  KBSM  the  problem  to  develop  a  uni¬ 
fied  communications  contour  and  spacecraft  flights 
control  for  the  whole  country.  Within  the  frames  of 
this  program,  in  1 960-80,  the  ground-stationaiy,  fully 
rotational  antenna  mountings  (AM)  dislocated 
throughout  the  whole  of  the  country  had  been  com¬ 
missioned  including: 

•  four  AM  with  the  mirror  diameter  of  32  m  (in 
Crimea  and  Baltic  by  one,  at  Far  East  by  two); 

•  twenty  AM  with  the  mirror  diameter  of  25  m; 

•  several  dozens  AM  with  the  mirror  diameter  of  8- 
12  m  and  flat  mirrors  with  area  up  to  1 50  m^; 

•  two  antenna  mountings,  the  largest  in  Europe  and 
in  the  world,  with  the  mirror  diameter  of  70  m 
(Crimea,  Far  East). 
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We  need  to  make  pause  more  closely  on  the  antenna 
mounting  with  the  70-meter  mirror,  for  its  development 
had  been  an  important  stage  in  the  development  of  the 
antenna  engineering  in  our  country. 

The  level  of  the  requirements  for  this  antenna  had 
posed  before  the  developers  the  problem  to  resolve 
new,  and  extremely  complicated,  research  and  engi¬ 
neering  problems,  stipulated,  on  the  one  hand,  by  the 
dimensions  and  the  heavy  loads  on  the  metal  con¬ 
structions  and  mechanisms,  and,  on  the  other,  by  the 
high-output,  technical  specifications.  E.g.  the  mean 
square  deviation  of  the  parabolic  surface  of  the  70-m 
mirror  from  the  theoretical  profile,  at  any  point,  is  at 
most  0.7  mm;  and  the  radio  beam  guidance  accuracy 
is  at  least  30  angular  sec. 

To  solve  the  whole  set  of  problems,  a  lot  of  the  re¬ 
search  organizations  were  engaged,  a  significant 
number  of  research  and  experimental  works  was  car¬ 
ried  out.  It  took  more  than  10  years  before  the  first 
antenna  in  the  Deep  Space  Communications  Crimea 
Center  was  commissioned  in  1978. 

The  first  tests  carried  out  had  exceeded  all  the  ex¬ 
pectations  of  the  antenna  developers;  not  only  has  the 
antenna  surpassed,  by  many  figures,  the  requirements 
of  the  request  for  proposal  but  became  one  of  the  best 
world  instruments  among  the  antennas  of  that  class. 

The  commissioning  of  this  antenna  setup  allowed 
the  conducting  in  our  country  many  radio  astronomi¬ 
cal  studies,  the  implementation  of  which  was  simply 
impossible  before. 

3.2.  The  Shipborne  AM 

In  order  to  maintain  permanent  communications  with 
the  spacecrafts  along  the  whole  flight  trajectory,  a 
series  of  18  type  dimensions  of  stabilized  antenna 
systems  of  the  shipbome-class  with  diameter  mirrors 
from  5  to  25  meters  were  developed  over  these  years. 
The  7  large  science  and  research  ships  were  equipped 
with  them,  including  SRS  “Vladimir  Komarov”,  SRS 
“Academician  Sergey  Korolyov”,  SRS  “Cosmonaut 
Yuri  Gagarin”  -  the  flagship  of  the  space  fleet  with 
two  antennas  of  12  m  in  diameter  and  two  antennas  of 
25  m  in  diameter. 

The  radio  technical  instrumentation  for  the  major¬ 
ity  of  the  mentioned  stationary  and  shipborne  anten¬ 
nas  was  developed  by  the  Science  Research  Institute 
of  Space  Instrumentation  Engineering  (Moscow). 

The  antenna  mountings  designed  by  the  KBSM 
have  been  taking  part  in  all,  without  exception,  na¬ 
tional  space  studies,  and  in  many  international  space 
programs;  having  thus  shown,  in  doing  so,  the  high 
reliability  and  communications  ability. 

3 .3 .  The  mobile  and  Transportable  AM 
Apart  from  ground  and  shipborne  antennas,  the 
KBSM  has  acquired  much  experience  in  developing 
the  mobile  and  transportable  AM  with  diameter  mir¬ 
rors  from  2  to  7  meters,  operating  in  the  centimeter 
band  and  providing  for  the  communications  with  the 
artificial  sputniks  of  the  Earth. 


Set  up  upon  the  transport  vehicles  of  a  high  cross¬ 
country  ability,  such  antennas  can  be  delivered  to  any 
pointand  and  brought  into  the  operating  state  within 
20-40  minutes  (the  mobile  antennas)  and  within  24 
hours  (the  transportable  antennas). 

Several  dozens  of  the  antennas  of  this  class  have 
been  manufactured  to  the  needs  of  various  customers: 
Russian  Aerospace  Agency,  Ministry  of  Communica¬ 
tions,  and  other  departments. 

The  chief  Designers:  A.I.  Uokhov  (the  stationary 
antennas  with  mirrors  of  25  m  and  32  m  in  diameter), 
B.  S.  Korobov  (the  shipborne  and  the  stationary  an¬ 
tennas  of  the  medium  class),  I.N.  Knyazev  (an  an¬ 
tenna  with  the  mirror  of  70  m  in  diameter  and  the 
mobile  antennas)  were  to  manage  the  operations  in 
designing  of  the  above-mentioned  antennas. 

4,  Radio  Telescope  RT-70 

The  task  started  in  80-s  to  the  needs  of  the  Russian 
Academy  of  Science  in  designing  of  a  radio  telescope 
of  the  millimeter  radio  wave  band  RT-70  with  the 
mirror  of  70  m  in  diameter  is  the  whole  trend. 

The  ensuring  of  exclusively  high  technical  character¬ 
istics,  practically  by  an  order  of  and  exceeding  the 
analogous  characteristics  of  any  of  the  most  accurate 
antenna  mounting  developed  earlier  is  in  the  base  of 
science  and  technical  problems  of  the  radio  telescope 
development,  namely: 

•  operating  wave  length  -1.2  mm; 

•  the  MSD  of  the  reflecting  surface  -  0.07  mm; 

•  guidance  accuracy  -  at  least  0.7”. 

The  70-meter  antenna  mounting  of  the  KBSM  de¬ 
velopment  was  adopted  as  the  prototype,  that  allowed 
to  borrow  many  mechanisms  and  metal  constructions. 
The  operations  were  conducted  in  a  wide  front;  con¬ 
structional  operations  were  deployed  in  the  Uzbeki¬ 
stan  mountains,  on  the  Suffa  Plateau,  at  a  height  of 
2500  m,  plants  proceeded  to  manufacture  the  material 
part,  and  the  KBSM  with  the  participation  of  a  num¬ 
ber  of  Research  Institutions  and  Design  Offices  was 
carrying  out  the  development  of  the  design  documen¬ 
tation  of  those  mechanisms  and  assemblies,  which 
were  to  provide  for  the  increase  of  the  precision  char¬ 
acteristics.  Up  to  70%  of  mechanisms  and  metal  con¬ 
structions  had  been  manufactured  by  1990,  and  the 
installation  operations  had  been  implemented  by  50% 
having  approached  to  the  mark  of  60  m  above  the 
ground  level. 

However,  in  1991  all  operations  to  develop  the  ra¬ 
dio  telescope  had  been  suspended  for  almost  10  years. 
And  only  for  the  last  two  years,  the  financing  is  re¬ 
newed,  although  to  a  small  extent,  to  continue  the 
operations  giving  the  ground  to  hope  that  the  con¬ 
struction  of  this  unique  radio  telescope,  in  the  nearest 
years,  will  be  definitely  completed. 
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5.  The  Subjects  of  Tasks  over  1995-2003 

Notwithstanding  the  known  financial  problems,  in 
recent  years  the  KBSM  keeps  on  working  to  develop 
new,  and  modernize  the  current  tracking  and  commu¬ 
nications  means: 

•  the  first  start-up  phase  (consisting  of  five  stations) 
of  the  optical  and  electronic  cosmic  and  air  space 
observations  system  has  been  commissioned  in  the 
Tadzhikistan  mountains,  the  second  start-up  phase, 
consisting  of  five  stations  as  well,  has  already 
been  installed  and  is  passing  through  the  inte¬ 
grated  tests; 

•  the  main  control  antenna  bearing  four  mirrors  each 
6  m  in  diameter  has  been  manufactured  for  the  inter¬ 
national  program  Sea  Launch,  installed  on  the  Sea 
Launch  Commander  ship  and  participates  success- 
fijlly  in  the  launches  of  the  commercial  sputniks; 

•  a  series  of  the  stationary  and  the  mobile  antennas  of 
new  generation  with  mirrors  diameters  from  3  to 
6  m,  including  the  tasks  of  the  remote  sounding,  is 
being  in  the  stage  of  designing  and  manufacturing; 

•  works  to  design,  manufacture,  commission  several 
high-precision  alt-azimuthal  mountings,  stationary 
and  transportable,  for  the  quantum  and  optical 
telescopes  for  the  trajectory  measurement  of 


spacecrafts  and  natural  origin  objects  have  been 
carried  out; 

•  the  development  of  the  design  documentation  has 
been  completed,  the  manufacturing  and  installa¬ 
tion  operations  to  create,  in  the  Altai  Laser  Center, 
an  informational  telescope  with  the  mirror  aper¬ 
ture  of  3.12  m  have  been  conducted; 

•  a  vast  set  of  operations  on  the  technical  examina¬ 
tion,  defectation,  maintenance,  repairs  and  mod¬ 
ernization  of  at  least  twenty  antenna  mountings 
being  in  the  long-term  operation  of  various  cus¬ 
tomers  and  having  worked  out  of  their  warranty 
periods  is  being  carried  out  monthly; 

•  several  science-and-research  works  in  order  to  in¬ 
crease^  the  engineering  resource  of  the  antenna 
mountings  of  different  class  have  been  implemented 
to  the  needs  of  the  Russian  Aerospace  Agency. 

6.  Conclusions 

The  above-stated  allows  to  make  the  conclusion  that, 
notwithstanding  the  complex  economical  conditions, 
the  KBSM  having  had  a  huge  research  and  engineer¬ 
ing  work  done,  in  advance,  and  over  the  many-year 
experience,  is  able  to  solve  any  f  the  engineering  tasks 
to  develop  the  instruments  of  various  purpose;  for 
space  communications. 
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Abstract 

Techniques  of  microwave  remote  sensing  of  the  atmosphere  with  the  emphasis  to 
the  aviation  applications  are  considered.  Some  results  recently  obtained  are  presented 
including  joint  research  projects  of  NAU  and  IRCTR.  Specificity  of  antennas  is  dis¬ 
cussed.  The  paper  mainly  reflects  the  works,  which  were  done  with  author  participa¬ 
tion,  and  does  not  aspire  to  saturation  coverage. 
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1.  Introduction 

Weather  information  retrieval  in  particular  the  infor¬ 
mation  about  Dangerous  Meteorological  Phenomena 
(DMP)  is  an  important  application  of  remote  sensing. 
Principal  advantage  of  remote  sensing  is  high  velocity 
of  data  retrieval  concerning  large  volumes  of  atmos¬ 
phere,  and  also  the  possibility  to  derive  information 
about  the  objects,  which  are  practically  inaccessible  to 
be  researched  by  other  methods.  Information  about 
DMP  is  necessary  for  many  fields,  and  aviation  appli¬ 
cations  are  probably  the  most  obvious  and  important 
among  them.  From  the  aviation  point  of  view,  the 
notion  of  DMP  includes  aircraft  icing,  atmospheric 
turbulence,  wind  shear,  an  increased  electric  activity 
and  lightning,  hail,  etc. 

Remote  sensing  information  is  rather  expensive. 
Nevertheless  huge  number  of  human  lives,  which 
were  saved  thanks  to  remote  sensing  information, 
proves  high  effectiveness  of  remote  sensing  in  addi¬ 
tion  to  the  pure  economic  assessment  of  its  impor¬ 
tance.  That  is  why  ground-based  and  airborne  weather 
radars  and  other  weather  sensors  compose  important 
part  of  airport  facilities  and  airborne  equipment. 

The  Weather  Radar  and  Remote  Sensing  research 
group  works  during  many  years  at  the  National  Avia¬ 
tion  University  (NAU)  in  Kiev,  Ukraine.  The  group 
cooperates  with  different  research  and  design  institu¬ 
tions,  such  as  the  International  Research  Centre  for 
Telecommunications  and  Radar  (IRCTR)  at  the  Delft 
University  of  Technology  (TU-Delft),  the  Research 
Institute  “Buran”  in  Kiev,  the  Central  Aerological 
Observatory  in  Moscow,  etc. 

Plenty  different  methods  and  devises  for  DWP  de¬ 
tection  and  measuring  were  developed  at  NAU  and  in 
the  framework  of  joint  research  projects. 


Active  and  passive  radars,  radiometers,  lidars  and 
other  sensors  are  considered  as  instruments  for  remote 
sensing  of  atmosphere.  They  can  be  installed  on  a 
ground-based  platform,  on  aircraft  or  satellite.  Really, 
antenna  is  one  of  key  elements  of  any  remote  sensing 
system.  In  many  respects,  antenna  defines  main  scope 
of  a  system.  Various  types  of  antennas  are  used  in 
different  remote  sensing  systems.  Reflector  antennas, 
including  antennas  with  controlled  polarization,  lens, 
hybrid,  slot  antennas,  antenna  arrays,  adaptive  anten¬ 
nas,  and  others  are  among  them. 

The  purpose  of  this  paper  is  to  give  a  general  over¬ 
view  of  the  results  achieved  in  the  remote  sensing  of 
DMP  using  different  types  of  antennas  and  to  discuss 
some  requirements  to  the  antennas  for  remote  sensing. 
However  the  paper  mainly  reflects  the  works,  which 
were  done  with  author  participation,  and  does  not 
aspire  to  saturation  coverage. 

2.  Microwave  Remote  Sensing 

The  remote  sensing  can  be  defined  as  means  of  get¬ 
ting  information  about  objects,  which  are  located  on 
significant  distance,  without  physical  contact  with  the 
objects.  The  microwave  remote  sensing  implies  that 
information  is  carried  by  electromagnetic  radiation, 
the  object  under  observation  exerts  influence  upon  the 
characteristics  or  parameters  of  the  radiation,  and  the 
information  usually  is  derived  by  means  of  micro- 
wave  technology  and  signal  processing. 

3,  Airborne  Facilities 

Airborne  weather  radar  is  necessary  and  obligatory 
standard  equipment  of  any  modem  aircraft.  Actually  it 
is  a  multifunctional  radar,  which  should  enable  to 
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detect  clouds  and  precipitation,  as  well  as  zones  of 
turbulence  and  wind  shear,  hail  and  icing.  A  major 
aspect  of  the  operational  efficiency  of  airborne 
weather  radar  is  the  reliability  of  DMP  detection. 

3.1.  Turbulence 

Detecting  turbulence  is  difficult,  because  the  reflectiv¬ 
ity  involved  can  be  rather  weak.  Hence,  noise  and  inter¬ 
ference  can  essentially  influence  the  reliability  of  the 
wanted  information,  resulting  in  very  short  detection 
ranges.  At  the  same  time,  one  of  the  major  applications 
of  turbulence  detection  is  during  cruise  flight,  at  maxi¬ 
mum  airspeed.  Finally,  for  aircraft  in  controlled  air¬ 
space,  often  a  significant  lead-time  is  required  before 
turbulence  avoidance  manoeuvres  can  be  initiated.  All 
these  factors  require  large  detection  ranges  if  the  turbu¬ 
lence  detector  is  to  be  of  any  practical  use  [  I  ]. 

The  relationship  between  back-scattered  signal  pa¬ 
rameters  and  singularities  of  the  microstructure  and 
dynamics  of  the  scatterers  (drops,  crystals,  snow¬ 
flakes)  in  a  single  resolution  volume  or  in  an  aggre¬ 
gate  of  resolution  volumes  is  the  physical  basis  of 
radar  detection  of  turbulence  in  weather  scattering 
objects.  At  present,  amplitude  and  spectral  techniques 
are  in  use  for  turbulence  detection.  A  version  of 
widely  applied  pulse-pair  algorithm  [2]  is  based  on  a 
direct  evaluation  of  the  sample  inter-period  correla¬ 
tion  r*  on  a  signal  sample  with  nas  sam¬ 

ple  size.  Three  developed  algorithms  are  discussed  in 
[2],  The  first  one  is  the  parametrical  algorithm  [3], 
which  is  being  used  as  a  reference  during  the  com¬ 
parison  of  different  developed  algorithms.  Two  other 
synthesized  algorithms  are  adaptive.  First  of  them  is 
one-sample  and  the  second  one  is  two-sample  algo¬ 
rithm.  The  invariant  one-sample  algorithm  is  not  sen¬ 
sitive  to  the  power  of  the  echo-signal  and  reacts  only 
to  changes  in  the  correlation  coefficient.  More  precise 
application  of  information  originated  from  back¬ 
ground  scattering  from  Earth  surface  or  from  other 
fixed  reflectors,  being  in  the  radar  volume,  is  realized 
by  construction  of  the  two-sample  decision  rule. 

The  parametric  algorithm  gives  the  best  results,  as 
it  must  be.  The  two-sample  adaptive  algorithm  comes 
most  closely  to  the  parametrical  algorithm.  Then  one- 
sarnple  adaptive  algorithm  follows.  All  three  new  al¬ 
gorithms  provide  significantly  better  reliability  in 
comparison  with  pulse-pair  algorithm.  The  difference 
IS  especially  big  in  case  of  short  samples.  That  is  im¬ 
portant  for  airborne  radars. 

Turbulence  detecting  from  the  board  of  aircraft  re¬ 
quires  antennas  of  limited  size  but  with  as  narrow  as 
possible  main  lobe.  The  level  of  side  lobes  should  be 
rather  low.  Airborne  X-band  parabolic  reflector  an¬ 
tennas  usually  enable  to  provide  side  lobe  level  of 
-18  dB  relative  to  the  main  lobe.  In  fact,  it  is  not 
enough.  That  is  why  passive  slot  antenna  arrays  are  in 
use  in  majority  of  modem  airborne  weather  radars. 
Figure  I  shows  Ukrainian  airborne  weather  radar  Bu- 
ran  A-140  with  such  kind  of  antenna. 


Fig.  1.  Buran  A  140  with  slot  array  antenna 


Fig*  2.  Reflector  antenna  with  controlled  polarization 

Such  antenna  provides  at  least  -25  dB  level  of 
side  lobe.  Besides,  the  slot  array  antenna  provides  the 
beam  width  narrower  than  reflector  antenna  of  the 
same  size.  That  improvement  is  of  0.1"  -0.2”  for 
antenna  of  560  -  760  mm  diameter.  Antenna  gain  is 
also  2  -  3  dB  higher  for  slot  array  antenna  in  com¬ 
parison  with  reflector  antenna. 

3.2.  HAIL 

Several  ways  for  microwave  remote  hail  detection  are 
known:  multi-  (dual-)  wavelength  methods  with  radar 
reflectivity  as  informative  parameter  [4],  different 
polarization  methods  [5].  radar-radiometric  method, 
etc.  Combinations  of  different  methods  are  also  possi¬ 
ble.  Polarization  methods  are  the  most  suitable  for 
airborne  radar. 

Hailstones  are  of  irregular  shape.  That  is  why  they 
differently  reflect  electromagnetic  waves  of  two  or¬ 
thogonal  polarizations,  and  they  give  considerable 
cross-polarization  component  of  reflected  signal. 
These  properties  are  the  basis  for  hail  detection  algo¬ 
rithms  [6],  [7],  ® 

Probably  the  only  disadvantage  of  polarization  ap¬ 
proach  for  hail  detection  by  airborne  radar  is  associ¬ 
ated  with  difficulties  to  change  polarization  of 
sounding  signal  when  using  slot  array  antenna.  It  is 
much  easier  to  do  with  reflector  antenna.  Antenna 
with  controlled  polarization  for  airborne  radar  was 
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developed  by  [8].  The  principle  of  the  antenna  is  illus¬ 
trated  in  Figure  2.  Antenna  operates  as  following.  In 
the  presence  of  the  control  pulse  Ul,  horizontal  po¬ 
larization  of  the  sounding  wave  is  formed,  and  in  the 
absence  of  Ul,  vertically  polarized  wave  is  radiated. 
Polarization  filter  separates  the  reflected  components 
of  main  polarization  (the  same  polarization  as  was 
radiated)  and  cross  polarization  (orthogonal  one  in 
respect  to  radiated  polarization). 

Both  main  and  cross  polarization  components  of  a 
reflected  signal  come  to  the  inputs  of  the  commutator, 
and  main  component  comes  via  circulators.  The  state 
of  commutator  is  defined  by  the  pulse  U2,  which  is 
entered  to  its  driving  point.  Then  receiving  signal 
from  the  output  of  commutator  proceeds  to  antenna 
relay  or  duplexer  via  rotating  junction. 

Such  antenna  with  controlled  polarization  was  im¬ 
plemented  in  the  research  airborne  weather  radar  on 
the  basis  of  “Groza  26”.  Polarization  radar  equipped 
with  this  antenna  was  installed  on  the  research  air¬ 
plane  Ilushin  18  of  the  Central  Aerological  Observa¬ 
tory  (Russia). 

3.3.  ICING 

Supercooled  water  in  atmosphere  influences  flight 
safety  due  to  dangerous  icing  of  aircraft.  Strong  icing 
not  only  makes  worse  the  flight  and  aircraft  perform¬ 
ances  but  also  can  result  in  accident.  The  principal 
reason  of  icing  during  flight  consists  of  the  fact  that 
the  supercooled  droplets  collide  with  frontal  parts  of 
aircraft  and  become  frozen.  The  character  and  inten¬ 
sity  of  icing  depend  on  the  temperature,  water  content, 
size  of  drops.  The  most  intensive  icing  happen  in 
zones  of  supercooled  rain. 

Polarization  technique  [9],  [10]  was  proposed  to 
increase  the  reliability  of  icing  zone  detection.  Practi¬ 
cally  it  is  enough  to  detect  supercooled  water  avail¬ 
able  in  cloud  to  make  a  decision  about  high 
probability  of  icing.  Water  droplets  have  almost 
spherical  shape;  raindrops  can  be  just  a  little  flattened. 
Regular  shape  of  droplets  contrasts  with  irregular 
shape  of  ice  crystals,  which  cannot  cause  icing. 

Actually  for  the  detection  of  icing,  the  same  antennas 
can  be  used  as  was  described  above  for  hail  detection. 
However,  signal-processing  algorithms  are  different. 

3 .4.  INCREASED  ELECTRIC  ACTIVITY 

Electric  processes  influence  the  forming  of  micro¬ 
structure  of  clouds.  Thus  certain  information  about 
electric  processes  can  be  received  using  active  remote 
sensing  techniques  (weather  radars).  The  perspectives 
of  active  radiolocation  applying  for  the  detection  of 
areas  of  increased  electric  activity  are  related  with  the 
adoption  of  polarization  characteristics  of  signals  for 
the  estimation  of  regular  component  of  scatterers  ori¬ 
entation,  which  is  associated  with  strong  electric  field 
[II].  For  research  in  this  direction  the  antenna  with 
controllable  polarization  is  suitable. 

Different  types  of  intensive  self-radiation  accom¬ 
pany  electric  activity  in  troposphere.  That  is  why  pas¬ 


sive  remote  sensing  of  atmosphere  electricity  is 
especially  envisaging  further  development. 

Non-thermal,  non-lightning  pre-thunderstorm  radia¬ 
tion  is  observed  in  a  wide  frequency  band  before  the 
first  lightning  strikes,  during  the  pauses  between  light¬ 
ning  discharges,  and  during  some  time  after  the  termi¬ 
nation  of  lightning.  Statistical  parameters  of  convective 
cloud  self-radiation  on  different  frequencies  for  three 
phases  of  thunderstorm  were  estimated  by  [12].  Three 
types  of  the  EM  self-radiation  can  be  selected  depend¬ 
ing  on  the  duration  of  pulse  packages:  1)  Pre¬ 
thunderstorm  EM  radiation  with  duration  mode  of 
7-10  msec;  2)  EM  radiation  of  lightning  with  dura¬ 
tion  mode  of  100-120  msec;  3)  Continuous-noise 
EM  radiation  with  duration  mode  of  0.8  -2.0  msec. 
Data  on  non-lightning  radiation  of  1.7  MHz  are  pre¬ 
sented  in  [13].  The  method  and  apparatus  for  the  detec¬ 
tion  of  characteristic  pre-thunderstorm  self-radiation 
and  estimating  the  coordinates  of  the  radiant  from  the 
aircraft  were  developed  by  [  1 4] . 

For  receptions  and  primary  processing  of  radiation  of 
thunderstorm  clouds,  it  is  expedient  to  use  the  active 
antenna  array.  Active  slot  antennas  can  be  used  as  the 
array  elements.  Their  length  appears  5-7  times  less  in 
comparison  with  conventional  slot  antennas.  In  consid¬ 
ered  range  it  is  about  10  cm.  This  allows  arranging  of 
50  elements  on  a  leading  edge  of  airplane.  Spacing  in¬ 
terval  between  the  elements  should  be  selected  as  equal 
to  A  /  2  where  A  is  wavelength.  This  allows  avoiding 
appearance  of  the  diffraction  lobes  at  beam  scanning  in 
quadrant  up  to  90° .  The  use  of  slot  radiators  ensures  a 
good  anti-lightning  protection  and  stability  of  the  an¬ 
tenna  at  affecting  static  electricity.  A  wingspan  of  a 
modem  passenger  airplane  is  approximately  30  -  60  m, 
therefore  at  A  =  3  m  minimum  antenna  pattern  width 
can  be  about  2.5  — 5.0  degrees.  As  the  characteristic 
radiation  of  electric  cell  in  clouds  exist  also  at  higher 
frequencies  (for  example,  at  A  =  1.0  —  1.5  m),  one  can 
accept  that  the  considered  active  antenna  array  is  capable 
to  provide  a  resolution  angle  about  2°  in  the  perpendicu¬ 
lar  direction.  It  arises  up  to  4°  at  scan  angle  of  60° ,  and 
up  to  7.7°  at  scan  angle  of  75° . 

In  order  to  provide  automatic  surveillance  of  the 
centers  of  increased  thunderstorm  hazard,  it  is  expedi¬ 
ent  to  apply  self-focusing  antenna  arrays  or  arrays 
with  variable  parameters  [15]. 

Proposed  technique  can  detect  thunderstorm  cen¬ 
tres  10  to  15  minutes  before  the  beginning  of  active 
thunderstorm. 

Distinct  techniques  are  known  for  detection  and 
ranging  of  sources  of  active  lightning.  Methods  for 
determining  coordinates  of  electric  discharge  source 
using  lightning  EM  radiation  are  more  developed  be¬ 
cause  EM  radiation  of  lightning  is  the  most  powerful 
in  comparison  with  other  types  of  non-thermal 
weather  radiation.  The  task  of  lightning  direction¬ 
finding  is  rather  trivial  The  difficulties  are  associated 
with  estimating  a  distance  up  to  a  radiant  of  lightning 
especially  when  measurements  should  be  produced 
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from  one  point,  for  example,  from  aircraft.  Different 
approaches  exist  to  design  operational  devices  [16- 
20].  They  are  often  based  on  measuring  separately 
electric  E  and  magnetic  H  components  of  lightning 
radiation.  Loop  antennas  and  conducting  plates  are  in 
use  for  these  purposes. 

Both  active  and  passive  radar  methods  are  not  ca¬ 
pable  to  detect  zones  of  electric  space  charges  when 
no  thunderstorm  activity  appears  as  detectable  radia¬ 
tion,  for  example,  in  nimbostratus  clouds.  However,  it 
is  known  that  lightning  strokes  into  aircraft  often  oc¬ 
cur  just  in  such  type  of  cloud.  That  happens  due  to  the 
fact  that  electric  charge  of  the  aircraft  itself  activates 
the  discharge  if  characteristic  conditions  exist.  The 
elecfrolocation  method,  based  on  solving  of  electro¬ 
statics  inverse  problem^  gives  another  way  of  deriving 
operative  prognostic  information  about  zones  of  elec¬ 
tric  activity.  This  method  is  associated  with  measuring 
of  quasi-electrostatic  field  strength  (EPS)  along  the 
route  of  aircraft.  This  way  was  developed,  researched 
and  realized  as  a  method  and  apparatus  by  [21]. 

The  inverse  non-well -posed  problem  of  determin¬ 
ing  the  sources  of  electric  field  is  solved  by  calculat¬ 
ing  of  predictable  values  of  EPS  in  the  frameworks  of 
adaptive  models.  Then  values  of  EPS  are  measured 
during  the  flight,  modeled  and  measured  values  are 
compared,  and  adaptive  correction  of  the  models  is 
done  to  provide  correspondence  between  modeled  and 
measured  values.  The  airborne  weather  radar  data  are 
used  for  previous  detection  of  cloud  cells  and  setting 
the  initial  models. 

Determining  space  charges  in  atmosphere  and  es¬ 
timating  aircraft  self-charge  requires  the  use  of  not 
less  than  four  EPS  sensors,  located  at  definite  points 
of  aircraft  surface.  These  sensors  can  be  considered  as 
a  kind  of  antennas  of  extremely  low  frequency.  The 
working  head  of  such  sensor  is  practically  out  of  the 
aircraft  board.  One  of  the  key  problems  is  creation  of 
reliable  EPS  sensors  for  the  use  under  extremely  se¬ 
vere  conditions.  The  technique  for  adaptive  EPS 
measuring  is  described  in  [22]. 

4.  Ground-Based  Research  Radar 

New  possibilities  of  radar  turbulence  detection  using 
Doppler-polarimetric  radar  were  shown  as  a  result  of 
joint  project  of  IRCTR  at  TU-Delft  and  NAU.  The 
concept  of  mathematical  modeling  and  computer 
simulation  of  Doppler-polarimetric  spectra  of  radar 
signal  from  rain,  which  uses  rain  microstructure  and 
turbulence  parameters  as  initial  data,  was  developed 
and  implemented  [23]. 

Experimental  researches  were  done  with  S-band 
Transportable  Atmospheric  Radar  (TARA)  that  was 
developed  in  FRCTR.  The  TARA  system  uses  high-gain 
reflector  antennas  with  beam-switching  capabilities  [24]. 
Pigure  3  shows  the  complete  antenna  system  of  TARA. 

The  system  consists  of  transmitting  and  receiving 
antennas  with  multiple  beams.  Antenna  has  extremely 
low  level  of  side-lobes  in  the  QO'’  directions.  The 
multiple  beams  are  used  to  measure  three-dimensional 


Fig.  3.  Beam  switching  polarimetric  TARA  antenna 
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Fig.  4.  Comparison  of  Doppler-polarimetric  parameter 
‘Slope  sZdr’  and  rms  mean  Doppler  velocity 

wind  fields  in  quasi  real  time.  Doppler  measurements 
are  performed  in  three  independent  directions.  Beams 
are  generated  along  the  axis  of  rotational  symmetry 
through  the  focus  of  the  parabolie  dish,  the  0°  beam, 
and  in  two  orthogonal  directions  at  15°  off  axis  by 
switching  to  a  multiple  beam  feed  system. 

Specifications  of  the  TARA  antenna  system  are: 
diameter  D  =  3  m  (or  33A );  focal  length 
F  =  16.5A;  F /D  =  0.5;  beam  width  <2";  gain 
>  37  dB;  cross  polarization  <  -30  dB  (averaged 
over  the  beam);  1*'  side  lobe  <-25  dB;  far  side 
lobes  <  —80  dB.  Being  FM-CW  radar  system, 
TARA  is  very  flexible  and  can  provide  extremely 
high  range  resolution  Using  high-resolution  (15  m) 
mode,  Doppler-polarimetric  measurements  were  per¬ 
formed  in  rain. 

As  an  example.  Figure  4  demonstrates  time-space 
distribution  of  slope  sZdr  (upper  panel)  and  rms  of 
mean  Doppler  velocity  (lower  panel).  These  results 
are  obtained  by  processing  TARA  data  [25]. 

Slope  sZdr  is  new  Doppler-polarimetric  measur¬ 
able  variable  introduced  and  researched  by  the  inter¬ 
national  team  in  IRCTR  [23,  26].  It  can  be  calculated 
using  measured  Doppler  spectra  in  resolution  volume 
at  two  orthogonal  polarizations.  The  value  rms  mean 
Doppler  velocity  represents  independent  estimate  of 
turbulence  with  spatial  scale  more  than  radar  resolu¬ 
tion  volume.  Comparison  of  space-time  distributions 
of  the  two  parameters  leads  to  the  conclusion  that  the 
more  turbulence  intensity  the  less  slope  sZdr.  This 
result  corresponds  completely  to  the  theory  and  model 
developed  previously  [27, 28]. 
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5.  Conclusion 

Dangerous  meteorological  phenomena  (DMP)  detec¬ 
tion,  is  one  of  the  most  important  applications  of  re¬ 
mote  sensing  in  aviation.  Active  and  passive  radars, 
radiometers,  lidars  and  other  instruments  are  consid¬ 
ered  as  sensors  for  remote  sensing  of  DMP.  They  op¬ 
erate  in  extremely  wide  frequency  band:  from  optics 
up  to  quasi  electrostatics.  They  can  be  installed  on 
ground-based  platform,  on  aircraft  or  satellite. 

The  problems  of  DMP  remote  sensing  are  very  di¬ 
verse.  That  is  why  antennas  of  various  types  are  in  use 
for  remote  sensing.  Applications  of  airborne  reflector 
parabolic  antennas,  including  antennas  with  controlled 
polarization,  passive  slot  arrays,  active  arrays,  adap¬ 
tive  antennas,  loop  antennas  and  conducting  plates,  as 
well  as  smart  antennas  with  beam-switching  capabili¬ 
ties  have  been  considered  in  this  paper. 

Taking  into  account  new  sophisticated  techniques 
of  deriving  meteorological  information  and  signal 
processing,  the  qualifying  standards  are  often  quite 
rigorous  on  side  lobes,  cross-polarization  isolation, 
identity  of  antenna  pattern  at  orthogonal  polarizations, 
and  other  critical  parameters. 

Multifunctionality  of  modem  airborne  and  ground- 
based  radars  and  other  instruments  for  atmosphere 
remote  sensing  causes  different  types  of  adaptive, 
multipolarized,  and  smart  antennas  to  be  developed. 

In  many  cases,  the  developed  antenna  with  some 
new  capabilities  gives  new  possibilities  for  research¬ 
ers  in  the  field  of  remote  sensing.  New  research  facili¬ 
ties  can  be  produced  and  unexpected  achievements 
can  be  reached. 
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Abstract 

Wideband  antenna  arrays  with  wide-angle  scanning  are  considered.  The  calculated 
characteristics  of  antenna  arrays  with  ID  and  2D  scanning  are  displayed.  The  possi¬ 
bility  of  the  inter-element  spacing  increasing  up  to  (2-3)  wavelengths  is  shown.  Con¬ 
siderable  reduction  of  inter-  element  interaction  simplifying  matching  under  wide- 
angle  scanning  is  obtained. 

Keywords:  Phased  array  antennas,  ring  concentric  array  antennas. 


1.  Introduction 

Phased  array  antennas  (PAA)  are  one  of  the  most  per¬ 
spective  types  of  the  antennas.  Planar  PAA  have  lim¬ 
ited  sector  of  scanning,  narrow  band  and  small 
element  distance.  Conformal  phased  array  antennas 
(CPAA)  enable  to  overcome  some  shortcomings  of 
planar  array  antennas  [1].  However,  practical  realiza¬ 
tion  of  such  antennas  is  connected  with  many  difficul¬ 
ties.  The  necessity  of  far  field  control  by  phase, 
amplitude  and  polarization  leads  to  considerable  in¬ 
creasing  of  antenna  element  numbers  and  their  cost. 
The  comparison  of  necessary  number  of  elements 
with  minimal  number  shows  considerable  increasing 
number  of  antenna  elements.  Therefore  one  of  the 
tasks  is  a  research  of  ways  of  the  construction  anten¬ 
nas,  possessing  wide  sector  of  scanning,  a  wideband 
and  the  number  of  elements  which  is  coming  nearer  to 
the  theoretically  minimal  ones.  Ring  concentric  array 
antennas  (RCAA)  allow  to  solve  the  problem  [2-4]  to 
a  certain  degree  are  considered  in  the  report. 

The  review  of  the  literature  on  RCAA  [5-12]  shows 
the  presence  of  significant  number  of  works  on  the 
general  questions  of  the  calculation  of  such  array  an¬ 
tennas  characteristics.  However,  there  is  no  detailed 
research  and  recommendations  on  designing  RCAA 
as  electrically  scanning  array  antennas  with  one¬ 
dimensional  and  bidimentional  scanning. 

The  report  shows  considerable  advantages  of 


Fig.  1.  Models  of  conformal  phased  antenna  array 
construction 


RCAA  over  planar  and  conformal  array  antennas. 
These  advantages  are:  the  reduction  of  the  number  of 
elements,  the  possibility  of  the  wide-angle  undistorted 
scanning  and  phase  distribution  control  without  com¬ 
mutation  of  radiation  surface. 

Ring  concentric  array  antennas  can  be  a  component 
of  conical,  cylindrical  and  spherical  array  antennas 
with  bidimentional  scanning.  Such  antennas  are 
shown  in  Fig.  1 . 

2.  Directional  Characteristics 

The  results  of  numerical  research  of  directional  charac¬ 
teristics  are  presented  in  report  to  reveal  the  possibility 
of  the  reducing  of  the  number  of  elements  and  increas¬ 
ing  element  distance.  Element  distance  in  RCAA  de¬ 
pends  on  directivity  and  can  be  make  some  lengths  of 
waves.  The  dependence  of  element  distance  on  direc¬ 
tivity  is  shown  in  Fig.  2.  The  elements  distance  increas¬ 
ing  simplified  matching  under  wide-angle  scanning.  In 
the  case  of  such  big  distance  of  elements  in  the  pencil- 
beam  scanning  array  antennas  there  arises  a  question 
about  appearance  of  diffraction  lobe.  The  spatial  pat¬ 
terns  of  RCAA  are  analyzed  for  this  purpose  on  Fig.  3. 
Spatial  patterns  show  the  absence  of  the  diffraction 


Fig.  2.  Dependence  of  radiators  distance  on  beam  width 
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Fig.  3.  Spatail  pattern 

lobe,  but  also  quite  a  high  side  lobe  level  (SLL)  of  the 
return  radiation  which  decrease  with  the  increasing 
number  of  elements  are  investigated. 

To  define  the  influence  of  SLL  on  characteristics  of 
RCAA,  the  dependences  directivity  factor  (DF)  on  the 
beam  width  has  been  received  by  numerical  methods. 
The  gain  of  RCAA  has  been  defined  using  well 
known  relations  for  directivity  factor  (DF).  The  re¬ 
sults  providing  high  gain  with  minimum  number  of 
elements  are  presented.  It  is  illustrated  by  Fig.  4. 

3.  Frequency  Characteristics  RCAA 

Wideband  operation  possibility  of  RCAA  is  consid¬ 
ered  in  the  paper  with  both  phase  shifters  of  perma¬ 
nent  phase  shift  in  Figs.  5,  6  and  on  the  basis  of 
controlled  delay  lines  in  Figs.  7, 8. 

Ring  concentric  array  antennas  for  beam  forming 
with  wideband  operation  are  especially  interesting 
because  of  angle-frequency  sensitivity  absence  and 
remarkable  frequency  band  spreading  under  without 
changes  of  their  performances. 

4.  Interaction  of  Radiators 

For  the  full  analysis  of  the  characteristics  RCAA  the 
decision  of  an  internal  problem  is  necessary.  The  most 
important  problem  is  a  coordination  of  the  radiators  at 
the  wide-angle  scanning.  In  the  report  research  of 
interaction  of  the  radiators  by  a  method  induced  EMF 
is  lead.  The  calculation  by  induced  EMF  showed  sat¬ 
isfactory  results  for  matching  with  an  excitement  sys¬ 
tem.  On  Fig.  9  dependences  of  the  full  entrance 
resistance  on  position  of  a  radiator  in  array  are  shown. 
Fig.  10  shows  the  dependence  of  the  average  factor  of 
reflection  on  azimuthal  coordinate  of  a  radiator. 

5.  CiRQuiTs  OF  Excitation  RCAA 

The  excitation  of  RCAA  can  be  carried  out  both  feed¬ 
ing  and  spatial  way.  Feeding  excitation  can  be  con¬ 
structed  on  different  lines  of  transfer  and  thus  demands 
use  of  checkpoints  phase  switcher  and  the  distributive 
systems  providing  necessary  peak  distribution. 
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Fig.  4.  Dependence  of  directivity  factor  on  beam  width 


Fig.  5.  Radiation  pattern  of  RCAA  in  horizontal  plane 


At  spatial  excitation  two  variants  are  possible: 

1 .  The  central  radiator  is  raised,  and  the  others  ra¬ 
diators  become  re-emitted  with  reflective  phase 
switchers  -  Fig.  11a. 

®  through  passage  array  antennas 
which  is  irradiated  with  a  primary  irradiator  and  all  its 
re-emitted  elements  -  Fig.  1  lb. 

Lacks  both  feeding,  and  a  spatial  way  of  the  excita¬ 
tion  which  are  shown  as  well  for  RCAA  are  well- 
known  in  radiation  source.  At  drive  one  central  radia¬ 
tor  when  thus  the  others  -  reflective  the  question  wide- 
angle  disappears  coordination  of  a  radiator  with  a  fal¬ 
ling  stimulating  wave  which  takes  place  at  construc¬ 
tion  of  the  flat  reflective  lattices  with  a  remote 
irradiator.  Excitation  of  the  central  element  allows  to 
lower  considerably  also  SLL  due  to  peak  distribution 
falling  down  to  the  edges.  The  spatial  way  of  excita¬ 
tion  in  RCAA  is  realized  by  analogy  to  Luneberg  lens 
and  will  consist  in  selection  of  such  phase  distribution 
of  currents  in  vibrators  at  which  the  beam  would  be 
focused  in  the  set  direction  and  would  allow  to  carry 
out  sector  scanning. 

Array  antennas  with  the  wide-angle  scanning  in 
plane  RCAA  have  above  been  considered.  We  shall 
consider  models  of  array  antennas  which  form  convex 
array  antennas  of  system  RCAA  and  allow  to  carry 
out  bidimentional  scanning,  having  limited  sector  of 
scanning  in  a  plane  of  a  disk. 

For  the  construction  of  two-dimensionally  scanning 
antennas  with  the  sector  of  scanning  on  an  azimuth 
360“  from  RCAA  it  is  formed  PAL,  shown  on  Fig.  1 . 
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Fig.  6.  Dependence  of  beam  width  and  side  lobe 
level  on  wavelengths 
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Fig.  9.  Dependences  of  the  entrance  resistance  on 
the  number  of  a  ring  and  azimuthal  coordi¬ 
nate  of  a  radiator 
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Fig.  7.  Radiation  pattern  of  RCA  A  in  horizontal  plane 
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Fig.  8.  Dependence  of  beam  width  and  side  lobe 
level  on  wavelengths 


However,  for  their  excitation  and  control  of  the 
phase  distribution  it  is  necessary  RCAA  to  replace 
with  the  disk  antenna  (DA)  [4].  Disk  antenna  is  shown 
in  Fig.  12.  It  consists  of  two  conductive  discs. 

Between  two  conducting  disks  the  radial  wave 
guide  which  is  raised  by  system  of  the  concentric  ring 
radiators  is  formed.  For  the  basic  wave  phase  speed 
coincides  with  speed  of  light,  and  for  other  types  of 
waves  the  dispersion  is  observed.  This  circumstance 
specifies  updating  of  the  phase  distribution  resulted 
earlier.  The  lead  calculations  [4]  show  possible  errors 
at  phase  excitation  of  the  DA.  The  set  of  the  DA  al¬ 
lows  to  carry  out  scanning  on  an  azimuth  within  the 
limits  of  360°  and  on  other  coordinate  in  some  limits, 
i.e.  at  the  limited  sector  of  scanning  in  other  plane.  In 


Fig.  10.  Dependence  of  an  average  reflections  factor 
on  azimuthal  coordinate  of  radiator 


4  b) 

Fig.  11.  Circuits  of  excitation  RCAA 


Fig.  12.  Disk  PAA 

those  problems,  when  the  limited  sector  of  scanning 
on  azimuth;  it  is  possible  to  consider  the  directed  ra¬ 
diators  and  to  construct  modified  RCAA  with  the 
minimum  number  of  elements. 

Such  systems  as  RCAA  have  considerable  advan¬ 
tages  over  planar  arrays.  These  advantages  are:  de¬ 
creased  number  of  antenna  radiators  the  wide-angle,  2D 
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distortion  free  scanning  and  broad  band.  Disk  antenna 
represents  also  independent  interest  as  the  antenna  or 
excitation  system  of  cylindrical  antenna,  carrying  out 
necessary  sector  excitation  with  the  phase  distribution 
control  without  commutation  of  radiation  surface. 

6.  Conclusions 

Thus,  the  directional  characteristics  RCAA  as  an  array 
with  wideangle  scanning  are  presenteded. 

The  dependences  of  beam  width  and  DF  on  number 
of  elements  are  received. 

Band  and  broadband  properties  RCAA  which  es¬ 
sentially  exceed  similar  characteristics  of  the  planar 
array  antennas  are  revealed. 

The  possibility  of  bidimentiona!  scanning  which  can 
be  realized  by  disk  PAA  and  set  of  disk  PAA  is  shown. 
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Abstract 

The  paper  is  devoted  to  the  based  on  the  use  of  nonlinear  boundary  conditions 
(NBC)  method  of  analysis  of  microwave  devices  with  the  distributed  nonlinearity. 
There  are  considered  two  approaches  to  the  formulation  of  nonlinear  integral  equa¬ 
tions  (NIE)  for  the  distribution  of  the  surface  current  density  on  elements  of  these  de¬ 
vices.  One  of  them  is  based  on  description  of  NBC  in  the  space-time  domain, 
another  -  on  description  of  these  conditions  in  the  space-frequency  domain.  A  proce¬ 
dure  of  numerical  solution  of  NIE  with  the  method  of  moments  is  set  forth.  Some  re¬ 
sults  of  modelling  a  nonlinear  operating  regime  of  two  devices  with  the  distributed 
nonlinearity  stipulated  by  superconductive  properties  of  material  used  in  these  de¬ 
vices  are  presented. 

Keywords:  antenna,  microwave  device,  nonlinear  bondary  conditions,  nonlinear 


effects,  method  of  moments. 


1.  Inroduction 

One  of  important  directions  of  the  modem  electro¬ 
magnetics  is  the  research  of  microwave  devices  com¬ 
prising  elements  with  the  distributed  nonlinearity. 
Especially  it  is  topical  for  devices  of  the  millimetre 
wave  range,  when  dimensions  of  an  area  occupied  by 
the  nonlinearity  become  commensurable  with  a  wave¬ 
length,  or  for  devices  whose  surface  is  made  of  a  ma¬ 
terial  with  nonlinear  properties.  An  example  of  such 
devices  is,  in  particular,  an  antenna  made  with  the  use 
of  superconductors.  Nonlinear  properties  of  supercon¬ 
ducting  materials  [1]  caused  a  number  of  nonlinear 
effects  that  influence  on  device  functioning. 

The  rigorous  analysis  of  systems  with  the  distributed 
nonlinearity  necessitates  a  solution  to  the  Maxwell 
equations  with  corresponding  boundary  conditions  both 
for  the  area  occupied  by  the  nonlinearity  and  beyond  it. 
This  approach  due  to  its  complexity  calls  for  great  com¬ 
putational  cost,  and  by  today  a  limited  number  of  prob¬ 
lems  are  solved  with  its  help  [2]. 

However,  in  a  whole  number  of  cases,  there  is 
needed  acknowledge  of  the  electromagnetic  field  only 
in  the  area  beyond  the  nonlinearity.  In  this  case,  the 
simplification  of  the  general  ststement  of  the  problem  is 
possible.  One  of  effective  methods  for  this  is  that  of 
nonlinear  integral  equations  (NIE),  which  is  based  on 
the  use  of  nonlinear  boundary  conditions  (NBC).  It 
enables  to  exclude  from  the  consideration  some  area  in 
space  and  the  field  within  it  by  setting  with  NBC  a  cer¬ 
tain  relationship  between  its  field  vectors  at  its  bound. 

This  method  is  applied,  for  example,  for  the  investi¬ 
gations  into  electromagnetic  waves  scattering  on  bodies 


with  nonlinear  contacts  [3,4].  However,  an  essential 
restriction  of  similar  works  is  the  assumption  of  the 
polynomial  approximation  of  the  volt-ampere  charac¬ 
teristic  of  a  nonlinear  contact.  Such  an  assumption 
enables  to  study  a  case  of  the  “weak”  nonlinearity  only. 

In  the  paper,  such  a  formulation  of  the  problem  is 
considered  which  enables  to  carry  out  the  analysis  of 
antennas  and  other  microwave  devices  with  the  arbi¬ 
trary  nonlinearity. 

2.  Statement  of  the  Problem 

In  the  electromagnetic  statement,  a  general  problem  of 
the  analysis  is  formulated  in  [5,6]  in  the  following  way. 

In  homogeneous  isotropic  space  with  parameters 
(£,  |i),  a  body  Vi  (Fig.l),  on  whose  surface  S  nonlin¬ 
ear  boundary  conditions  are  satisfied,  is  located.  The 
surface  is  assumed  to  be  smooth.  Within  volume  F* , 
external  electric  sources  J®  *  and  (or)  magnetic 
sources  are  enclosed.  They  create  at  point  q  on 
surface  Z  intensities  of  fields  E*  (^,  i) ,  H*(g,^).  It  is 
required  to  determine  the  field  in  space  beyond  Vx  and 
U* ,  i.e.  in  the  region  F2. 

The  first  stage  of  the  problem  solution  consists  in 
determination  of  the  current  distribution  on  surface  Z. 
The  formulation  of  integral  equations,  from  whose 
solution  the  surface  current  density  is  being  found, 
depends  on  in  which  domain  the  NBC  and  fields  are 
written  -  in  the  space-time  or  in  space-frequency  do¬ 
main.  Therefore,  in  the  beginning,  let  us  dwell  on  the 
NBC  representation. 
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Fig.  1. 


3.  Nonlinear  Boundary  Conditions  in 
Space-Time  and  Space-Frequency 
Domains 

As  the  device  under  analysis  is  nonlinear,  so  in  general 
case,  it  is  impossible  to  manipulate  with  complex  am¬ 
plitudes,  that  is  NBC  must  be  formulated  in  the  space- 
time  domain.  Correspondingly,  we  suppose  that  instan¬ 
taneous  values  of  tangential  components  of  electric 
E(g.t)  and  magnetic  H(9,t)  fields  intensity  vectors  on 
surface  X  are  linked  by  the  following  relation 

n,  xE(g,t)  =  Z[n,  xH(9,0],  d) 

or  in  the  equivalent  form 


N 

E  ( 9,  t ^„E  ( 9,  i/„  ) 

n  =  -N 
N 

H(9.f)=  E 

u  =  -N 
N 

n=-N 
N 

where  E{q,v„),  H(9,i/„),  J"(9,i/„),  Z'”  {q,u„) 
are,  respectively,  the  complex  amplitudes  of  intensi¬ 
ties  of  electric  and  magnetic  fields  and  of  surface  den¬ 
sities  of  electric  and  magnetic  currents  at  frequency 

-f- ...  -f 

mte  =  0,±1,±2,.... 

=  1 ,  if  i/„  =  0  and  =  1/2 ,  if  i/„  0 . 

Under  these  conditions,  (1)  and  (2)  are  transformed 
to  the  following  form 

f .  T’  ^ 

X  )  =  lim  —  Jzx 

-T 
N 

i=-N 

Vr/,„  n  =  =]^, 

or 


J‘‘'(9,<)  =  -Z[J"(9,<)].  (2) 

Here  n,  is  the  external  normal  to  the  surface  at  point 
9>  J  (9)0  =  E(9-0  ^  1  J*^(9!0  =  X  H(9,i)are 

instantaneous  values  of  the  surface  currents;  Z[-]  is  the 
nonlinear  operator  depending  on  coordinates. 

In  general  case,  for  the  accurate  determination  Z[  ] ,  it 
is  necessary  to  solve  a  boundary  problem  in  the  rigor¬ 
ous  statement.  However,  there  is  no  need  in  this:  for  a 

number  of  problems  operator  Z[  ]  can  be  determined 

from  simpler  (key)  problems.  Therefore,  at  the  stage 
of  statement  of  the  problem  —  development  of 
computational  relations  —  that  is  where  is  possible,  we 
do  not  concretize  the  form  of  this  operator  and  use  the 
boundary  conditions  in  form  (1)  or  (2). 

However,  when  analyzing  steady-state  periodic  or 
almost-periodic  regimes,  when  a  device  is  excited 
with  external  sources  E’(9,w<.)  (orH‘(9,Wi.) )  with 
different  (in  general  case,  not  aliquot)  frequencies 
(k  =  0,K  ,  K+ 1  is  the  total  number  of  different  fre¬ 
quencies  of  external  sources),  it  is  expedient  to  use 
NBC  in  space-frequency  domain.  The  field  intensities 
in  (I)  and  surface  current  densities  in  (2)  in  this  case 
may  be  written  as 


(6) 

These  relations  are  nonlinear  boundary  conditions 
in  the  frequency  domain.  They  represent  a  system  of 
nonlinear  equalities,  which  on  surface  Z  link  complex 
amplitudes  of  all  the  frequency  components  of  the 
magnetic  field  intensity  (11(9,1/^),  (i  =  -N,N)  with 
the  amplitude  of  one  frequency  component  of  electric 
field  E(q,i/„).  Every  condition  of  the  system  is  de¬ 
fined  at  frequency  i/„ ,  whereas  dimension  of  the 
given  system  is  equal  to  number  of  frequencies  N  be¬ 
ing  taken  into  account  when  reckoning  the  nonlinear 
operating  regime  of  a  device. 


4.  Nonlinear  Integral  Equations  in 
Space-Time  and  Space-Frequency 
Domains 

Representation  of  NBC  in  space-time  and  space- 
frequency  domains  allows  obtaining  the  integral  equa- 
tions  in  two  ways. 
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The  first  of  them  consists  in  that  on  basis  of  NBC 
(1)  and  (2),  the  integral  equations  are  formulated  in 
the  space-time  domain.  Such  an  approach  is  realized 
in  [6]  with  the  resulting  non-linear  integral  equations 
for  electric  and  magnetic  fields  in  the  following  form: 


5[n„  xW{p,t)] 


■47r”*' 


+grad.,diVp 


l_^'l 
R  dr  c  dr^  1 


<Z[J‘’(9,t)]  X  Rjdcr^  =  0, 

a[nyXir(p,0]  1  ^ 

dt  '^47:  ^  j 


gp  d%3\q,T)] 


-^gradpdiv.^ 


fi  '  1  d  1 
R  dr  cdr^ 


xJ^(g,T)  xR}dcr^  =  0. 


Here  R  —  \] 
observation 
tively;T  =  > 


|R|  =  |r^  -  I ;  are  radii-vectors  of 
i  and  integration  points,  respec- 
yjt  “  ^  is  the  lag  time;  v  =  V ^  , 


It  should  be  noted  that  the  obtained  equations  enable 
to  get  insight  into  the  non-linear  regime  of  the  device  at 
any  time  dependency  of  the  outer  field.  If,  nevertheless, 
the  investigations  into  the  steady  -  state  periodic  or 
almost  periodic  regimes  are  intended,  then  it  is  expedi¬ 
ent  to  carry  out  the  analysis  in  the  frequency  domain. 
For  transition  to  this  domain  it  is  necessary  to  use  rep¬ 
resentation  (3)  and  apply  the  Fourier  transform  to  (7)  or 
(8).  Thus,  e.g.  the  integral  equation  for  the  electric  field 
in  the  space-frequency  domain  appears  as  [6]: 

[rip  X  E*(p,i/„)]  +  np  X  J {-piHJ'^{q,i/„)Gn(p,q)  + 


space-time  domain  it  is  necessary  to  know  the  Green 
function  in  the  time  domain  for  a  boundary-value  prob¬ 
lem  under  consideration.  In  [6],  as  the  Green  function, 
there  is  used  that  of  the  homogeneous  isotropic  space. 
Therefore,  systems  of  NIE,  obtained  as  a  result  of  (7), 
(8)  transformation  into  the  space-frequency  domain,  are 
valid,  strictly  speaking,  only  for  microwave  devices 
located  in  free  space.  This  fact  essentially  restricts  the 
applicability  of  the  obtained  systems  of  NIE. 

The  fact  is  that  for  a  number  of  practically  impor¬ 
tant  problems,  by  today  either  there  are  absent  expres¬ 
sions  for  the  Green  function  in  the  time  domain  (for 
example.  Green’s  function  of  stratified  medium, 
which  is  needed  when  analysing  microstrip  devices) 
or  the  problem  formulation  itself  loses  its  significance 
in  the  space-time  domain  (e.g.,  the  periodic  excitation 
of  the  infinite  periodic  structure). 

Largely  the  mentioned  restriction  can  be  removed 
at  the  second  way  of  NIE  formation,  which  is  possible 
for  the  periodic  or  almost  periodic  regimes  of  excita¬ 
tion.  Its  idea  consists  in  that  a  stage  of  obtaining  NIE 
in  the  time  domain  was  excluded  from  a  general  pro¬ 
cedure  of  NIE  formation  in  the  space-frequency  do¬ 
main.  For  this,  NBC  in  the  form  of  (5)  and  (6)  are 
used.  Thus,  in  [7,8]  for  electromagnetic  structures 
made  of  thin  wires  or  of  thin  microstrrip  conductors, 
NIE  systems  are  developed  in  the  following  form: 

So  ( graddiv  +  G„{p,q)l(q,u„)dl' - 


iV 

;/z,  JME  Kr,.,  )e>.*  l-P-idt  = 


( p,  ) ,  at 


'in  =  0,N. 


+ - grad  div  ( J" {q, v,, )G„ {p,q)) - 

f  [  AT  11  y 

-rot^  ■  ■  Z  Y.  GniM)  \da^  = 

jj  JJ 

=  0,  ,  n  =  1,A^ 


where:  =  exp(~jA:„i^)/(47rfi)  is  the  Green 

function  of  free  space;  /  c  is  the  wave  fac¬ 

tor;  3n{  }  is  the  Fourier  transform  operator  defined  as: 

T 

°°  0 

There  are  two  peculiarities  of  the  obtained  relations. 
First,  (9)  unlike  the  analogous  equation  in  the  space- 
time  domain  represents  a  system  of  equations  with  re¬ 
spect  to  complex  amplitudes  of  the  density  of  the  sur¬ 
face  electric  currents  (q,  dimension  is  equal 

to  the  number  of  frequencies  being  taken  into  account 
at  computation.  Second,  at  the  development  NIE  in  the 


where  (5^  (p,^)  is  the  Green  function  of  the  region, 
within  which  the  structure  under  analysis  is  located; 
I  ( q,  Uji )  is  the  distribution  of  the  total  current  along 
conductors  at  frequency  ;  k„  =  z/„yi/  is  the  wave 

number  of  free  space;  sq  is  the  ort  tangent  to  the  conduc¬ 
tor  axis  at  point  p\  4  ( Pi  ) )  is  the  component  of  the 
external  electric  field  intensity,  which  is  tangent  to  a 
conductor;  J{w)  is  the  function  describing  the  distribu¬ 
tion  of  current  over  the  conductor  cross-section.  The 
integration  is  carried  out  along  axial  lines  of  conductors. 

The  obtained  system  of  NIE  enables  to  considera¬ 
bly  expand  a  circle  of  analysed  microwave  devices. 
This  is  connected  with  the  fact  that  when  NIE  are  de¬ 
rived  on  basis  of  NBC  in  the  form  of  (5)  or  (6),  then 
in  representation  of  fields  through  currents,  there  are 
used  expressions  for  Green’s  function  in  the  space- 
frequency  domain,  which  by  to-date  are  known  for  a 
number  of  electromagnetic  structures.  For  example, 
with  the  use  of  the  obtained  system  of  NIE  it  is  possi- 
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ble  to  analyze  wire  and  microstrip  structures  located 
not  only  in  free  space,  but  in  regions  shaped  in  more 
complicated  form,  e.g.,  nearby  a  sphere,  cylinder,  on  a 
Stratified  substrate,  etc. 

5.  Numerical  Solution  OF  Nonlinear 
Integral  Equations 

Let  us  proceed  to  questions  of  solving  NIEs.  This  is 
the  most  laborious  stage  of  the  analysis  of  antennas 
with  the  distributed  nonlinearity. 

Consider  the  NIE  solution  on  an  example  of  thin- 
wire  antennas.  For  this  purpose,  let  us  write  down 
relations  (10)  as  [9] 

i-fiOV,,)]  -  N[i(r,i.,.)]  = 

where  L[I(r,t/„)]  and  N[I(/>„)]are  operators  being 
respectively  linear  and  non-linear  parts  of  a  system  of 
NIE  (10);  /,  I'  are  coordinates  of  points  p  and  q 
counted  along  axis  of  conductors. 

As  usual,  we  shall  seek  the  solution  of  the  given 
system^  in  the  form  of  an  expansion  over  some  system 
of  basis  functions;  as  the  latter,  here  functions  of 
subregions  will  be  used. 

With  this  aim,  we  shall  break  up  the  conductor  into 
Ml  pieces  and  assume  that  within  the  limits  of  the  p-th 
piece  the  current  distribution  is  approximated  by  some 
function  which  differs  from  zero  only  within  the 

limits  of  this  piece,  whereas  in  its  centre  at  l'=l^  is  equal 
to  1.  TTien  the  distribution  along  the  entire  conductor 
may  be  presented  in  the  following  manner: 

Nl 

(12) 

/<=! 

where  is  the  amplitude  of  the  current  distribu- 
tionat  point  /,,„  at  frequency  i/„ .  It  should  be  noted 

that  at  all  the  frequencies,  one  system  of  basis  func¬ 
tions  is  used.  Distinction  consists  only  in  the  ap¬ 
proximation  coefficients  .  Substitute  (12)  in  (11) 

and  take  advantage  of  the  method  of  moments  choos¬ 
ing  as  weighting  functions  system  #,,(/')  for  a  linear 

operator  and  5-functions  5(l’-l^„)  -  for  non-linear.  As  a 
result,  obtain 

_ '=-^  1/  (13) 

V«/„  n  =  l,Ar, 

where  Zi„  is  the  matrix  with  elements 

~  :  In)  is  the  vector 

with  elements  ;  N„[  6^  is  the  vec- 

i=-N  / 

tor  whose  elements  describe  non-linear  properties  of 


conductors;  vector  with  elements 

^/i  11  =  J  * 

System  of  equations  (13)  is  that  describing  a  non¬ 
linear  circuit  comprised  of  linear  2n-port  being  character¬ 
ized  by  a  matrix  of  eigen  and  mutual  resistances  Zi„ 
and  a  system  U„)  of  acting  at  its  inputs  emf  with  con¬ 
nected  to  these  inputs  non-linear  ports,  whose  character¬ 
istics  are  described  by  the  function  u(<)  = 

Thus,  the  solution  of  the  NIE  system  for  a  radiator 
on  whose  surface  nonlinear  boundary  conditions  are 
met,  consists  of  two  stages. 

At  the  first  stage,  the  linear  integral  operator  is  reduced 
to  the  matrix  form.  Per  se,  this  is  the  solution  of  the  inte¬ 
gral  equation  for  a  radiator  similar  to  that  under  analysis, 
but  with  an  ideally  conducting  surface.  Therefore,  all  pe¬ 
culiarities  of  the  latter  problem  are  quiet  inherent  also  to 
the  considered  by  us  task.  Besides,  when  solving  NIEs,  it 
is  neede  to  take  into  account  a  number  of  other  facotrs 
with  the  aim  of  effective  algorithms  development.  Appar¬ 
ently,  the  main  of  them  is  the  necessity  of  the  careful  ap¬ 
proach  to  a  choice  of  ^sterns  of  basis  and  weighting 
functions.  The  fact  that  account  of  radiator  characteristics 
at  high  harmonics  demands  the  correct  approximation  of 
the  current  distribution,  i.t.  leads  to  the  enhancement  of  the 
number  of  basis  functions,  and,  as  a  result,  to  the  increase 
of  foe  time  of  computation  of  matrix  of  eigen  and  mutual 
resistances.  As  accounts  have  shown,  for  wire  and  thin 
microstrip  radiators,  most  acceptable  remains  the  system 
of  piecewise-sinusoidal  functions  of  subregions,  which 
w^  proposed  by  Richmond.  It  enables  to  develop  the 
universal  software  package  allowing  to  investigate  charac¬ 
teristics  of  wire  and  microstrip  radiators  with  NBC  and 
with  arbitrary  complex  geometry. 

The  second  important  stage  of  NIE  solution  con¬ 
sists  in  determination  the  device  nonlinear  regime  of 
operation.  This  stage  consists  in  equation  (13)  solu¬ 
tion,  i.e.  in  a  vector  I„  )  determination.  For  this,  the 
described  in  [9]  effective  enough  two-level  algorithm 
has  been  developed. 

6.  Modelling  Results 

The  described  above  approach  to  modelling  micro¬ 
wave  structures  with  the  distributed  nonlinearity  was 
finished  by  the  software  package,  which  has  been 
widely  used  by  us  while  analyzing  the  structures. 

Let  us  consider  briefly  two  examples. 

In  Fig.2,  the  taken  from  work  [10]  experimental 
dependence  of  the  power  of  the  third  order 
intermodulation  component  at  the  oufout  of  the 
microstrip  line  (MSL)  made  as  a  piece  of  meander 
made  of  super  high-temperature  superconductor  YBa 
CuO  on  the  input  power  (curve  3^  At  the  input  of 
MSL  with  the  wave  resistance  of  50  Ohm,  there  were 
inserted  two  sources  of  microwave  oscillations  of 
equal  powers  with  frequencies  of /  =  4.69952  GHz 
onifi  =4.70052  GHz.  A  value  of  the  intermodulation 
component  2/i  was  controlled  at  the  output  of 
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P  in  (dBm) 

Fig.  2.  Power  at  the  output  of  MSL  Pom  as  a  mean¬ 
der  piece  versus  the  input  power  Pin  (1  - 
fundamental  frequency;  2,  3  -  intermodula¬ 
tion  component  of  the  third  order  (theory 
and  experiment,  respectively)). 


Fig.  3.  The  output  power  of  the  feed-through  reso¬ 
nator  at  the  fundamental  and  the  third  har¬ 
monic  frequencies  versus  Pm  at  different 
values  of  the  surface  impedance  linear  part 
(curves  1,  2,  3  correspond  to  the  first  har¬ 
monic,  Lq  are  equal  to  0.001,  0.0009, 
0.0011;  curves  4,  5,  6  -  to  the  third  har¬ 
monic,  Zo  are  equal  to  0.001,  0.0009, 
0.0011) 

MSL.  For  this  structure,  we  also  carried  out  theoreti¬ 
cal  modelling  under  assumption  that  the  nonlinearity 
of  the  surface  impedance  is  of  inductive  nature  and  is 
described  by  the  dependence  [10]  L(I)  =  Lo'^L2f 
where  Lq  and  are  the  coefficients  depending  on  the 
nonlinear  properties  of  high -temperature  supercon¬ 
ductors.  At  first,  by  fitting  coefficients  La  and  L2  we 
were  seeking  the  best  coincidence  of  the  experimental 
data  with  that  of  mathematical  modelling  for  two  val¬ 
ues  of  the  input  power.  As  a  result,  the  following  val¬ 
ues  have  been  chosen  Lo=  0.00043  nWim  and 
L„=  0.0001  nWk^m. 

For  these  values  of  La  and  L2,  there  were  computed 
dependencies  of  the  oscillations  power  at  fundamental 
frequencies  (they  practically  coincide  -  curve  1)  and 
at  the  third  order  intermodulation  component  fre¬ 
quency  on  the  input  power.  The  latter  (curve  2)  is  in  a 
good  agreement  with  an  experimental  (curve  3). 

The  results  of  simulation  of  a  feed-through  resona¬ 
tor  excited  at  frequency  =  1 .663  GHz  (wavelength 


Frequency  (GHz) 


Fig.  4.  Resonant  characteristics  of  the  feed-through 
resonator  at  different  values  of  the  surface 
impedance  linear  part  (for  curves  1,  2,  3,  Lq 
are,  respectively,  equal  to  0.0009,  0.001, 
0.0011) 
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Fig.  5.  Resonant  characteristics  of  the  feed-through 
resonator  at  different  values  of  the  surface 
impedance  non-linear  part  (for  curves  1, 2,  3 
L2  are,  respectively  equal  to  0.0001,  0.0003, 
0.0005) 


Xo  =  0.18  m)  are  shown  in  Figs.3-6.  A  wave  resistance 
of  MSL  is  50  Ohm. 

There  was  computed  the  power  at  the  resonator 
output  at  fundamental  frequency  and  frequency  of  the 
third  harmonic  at  different  parameters  of  linear  and 
nonlinear  parts  of  the  surface  impedance 
{La=^  0.0009. ..0.0011  and  L2-^  0.0001  ...0.0005).  As 
is  seen  from  Fig. 3,  change  of  Lq  entails  considerable 
change  of  the  resonator  output  signal  at  frequency 
as  well  as  at  frequency  3/^.  The  reason  of  this  is  the 
change  of  the  resonator  resonance  frequency  as  Lq 
changes  (the  resonance  curves  for  different  Lq  are 
given  in  Fig.4). 

Another  situation  is  observed  at  the  change  of  coef¬ 
ficient  Li  describing  nonlinear  properties  of  supercon¬ 
ductive  material.  The  change  of  I2  within  chosen 
limits  does  not  lead  to  the  change  of  resonance  char¬ 
acteristics  of  the  resonator  shown  in  Fig.5.  However, 
the  change  of  I2  influences  on  a  level  of  the  output 
power  at  the  third  harmonic  frequency  (Fig.6), 
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Fig.  6.  The  output  power  of  the  feed-through  reso¬ 
nator  at  the  fundamental  and  the  third  har¬ 
monic  frequencies  versus  Pj„  at  different 
values  of  the  surface  impedance  non-linear 
part  (curves  1,  2  correspond  to  the  first  har¬ 
monic,  Li  are  equal,  respectively,  to  0.0001, 
0.0005;  curves  3,  4,  5  -  to  the  third  har¬ 
monic,  Li  are  equal,  respectively,  to  0.0001 
0.0003, 0.0005) 


Acknowledgment 

The  investigations  considered  in  this  paper  have  been 
carried  out  on  the  basis  of  the  Radio  Engineering 
Faculty  of  Kharkov  National  University  of  Radio 
Electronics.  The  authors  would  like  to  thank  post¬ 
graduate  students  Gavva  D.  S.  and  Zhurbenko  V.  V., 
whose  results  were  used  when  preparing  the  paper. 


References 

1.  IEEE  Transactions  On  Applied  Superconductiv¬ 
ity.-  1999.- No  2. 

2.  Taflone  A.  Computational  Electrodynamics:  The 
Finite-Difference  Time-Domain  Method.-  Boston- 
London,  Artech  House.-  1995.-  599  p. 

3.  Petrov  B.  M.  Boundary  conditions  on  nonlinear 
contacts  //  Scattering  of  electromagnetic  waves.- 
Taganrog,  1991 .-  No.  8.-  pp.  4-9.  (in  Rus.) 

4.  Petrov  B.  M.,  Semenihina  D.  V.,  Panychev  A.  1. 
Effect  of  nonlinear  scattering.  -  Taganrog,  1997.  - 
P.  202.  (in  Rus.) 

5.  Shifrin  Y.  S.,  Luchaninov  A.  I.  State-of-the-art  of 
the  antenna  with  nonlinear  elements  theory  and 
techniques  //  Padioelektronika.  -1996.-  V.  39.  -M 
9-10.  -pp.4-16. 

6.  Shifrin  Y.  S.,  Luchaninov  A.  1.,  Omarov  M.  A. 
Antennas  with  the  distributed  nonlinearity  analy¬ 
sis.  -  Antenny  /  Ed.  by  L.  D.  Bahrah.  -  Moscow  • 
IPRZhR,  2000,  No.  1(44).  -  pp.  70-83.  (in  Rus.) 

7.  Analysis  of  Strip  Electromagnetic  Structures  with 
Nonlinear  Surface  Impedance  /  Luchaninov  A.  I., 
Omarov  M.A.,  Zhurbenko  V.V.,  Gawa  D.s! 
Transactions  of  the  1-st  International  radio- 
electronic  Forum  «  Applied  radio  electronics. 
State  and  future  trend  of  development))  IRF-2002. 
Kharkov,  Ukraine,2002.  pp.  283-286.  (in  Rus.) 

8.  D.S.  Gavva.  Excitation  of  wire  structures  with 
distributed  nonlinearity  by  various  type  sources 
//(In  this  issue). 

9.  Shifrin  Y.  S.,  Luchaninov  A.  1.  Antennas  with 
nonlinear  elements  //vol.  X  in:  Antenna  techniques 
handbook.  V.  l./Ed.  bu  L.  D.  Bahrah  and  E.  G.  Zel- 
kin  -Moscow:  IPRZhR,  1997.-  pp.  207-235.  (in  Rus.) 

10.  Shinho  Cho,  Cheon  Lee  Intermodulation  meas¬ 
urements  in  superconducting  meander  lines  // 
IEEE  transactions  on  applied  superconductivity.- 
1999.- No2.- C.  3998 -4001 


86  International  Conference  on  Antenna  Theoq^  and  Techniques.  9-12  September.  2003.  Sevastopol,  Ukraine 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp.  87-90 


MULTI-FACED  AND  MULTIBEAM  DBF  ANTENNA 
FOR  HIGH  ALTITUDE  PLATFORM  STATION 
STAGES  OF  ANTENNA  DEVELOPMENT 

Bon-Jun  Ku  Yang-Su  Kim  Byung-Su  Kang  Do-Seob  Ahn  A.  S.  Belyaev 
Ye.  N.  Egorov  N.  V.  Vladimirov  S.  A.  Ganin  A.  C.  Reutov  Yu.  A.  Suserov 
A.  M.  Shitikov  ^  A.  V.  Shishlov  ^  A.  G.  Shubov  ^ 

*  Research  Institute,  Taejon,  Republic  of  Korea, 

<bJkoo@etri.re.kr> 

^  Joint-Stock  Company  ’’APEX",  Moscow,  Russia 
<iscapex@online.ru> 


Abstract 

Advantages  of  the  multi-beam  antenna  for  Stratospheric  Communication  System 
(or  HAPS)  with  Digital  Beam  Forming  (DBF)  are  demonstrated  in  comparison  with 
Analogue  Beam  Forming  (ABF).  To  cover  the  service  area  from  nadir  to  a  circle  of 
radius  55  km  by  199  beams,  the  antenna  system  of  seven  flat  Active  Phased  Array 
Antennas  (APAA)  is  proposed.  Due  to  high  accuracy  of  amplitudes  and  phases  in 
channels  of  the  APAA  with  DBF,  optimal  cell  forming  as  well  as  high  spatial  isola¬ 
tion  between  cells  is  obtained.  Stages  of  antenna  creating  are  considered.  Results  of 
the  work  at  initial  stages  are  presented  too. 


1.  Introduction 

Global  systems  of  personal  communications  become 
more  and  more  popular  today.  It  is  very  attractive  to 
communicate  with  simple  handheld  phone  anywhere, 
but  there  is  a  lot  of  difficulties  in  realization  of  such  a 
system.  For  geostationary  satellite,  since  a  low  power 
signal  is  obtained  near  the  Earth  surface,  it  would  be 
impossible  to  use  the  simple  handheld  phone  unit. 
One  of  the  ways  to  solve  this  problem  is  to  utilize 
intermediate-orbit  (10000-14000  kilometers)  or  low- 
orbit  (780-1800  kilometers)  satellites.  In  addition  to 


them,  a  new  concept,  HAPS  (High  Altitude  Platform 
Station),  was  proposed  worldwide  to  provide  high 
multimedia  services  with  high  capacities  by  obtaining 
more  link  margin  than  that  of  the  satellite  systems  [1]. 
HAPS,  the  stratospheric  airship  with  communication 
system  equipment,  would  be  located  at  about 
20  kilometers  altitude  (Fig.  1).  Conceptual  design  of 
stratospheric  communication  system  is  developed  in 
different  countries.  In  frame  of  US-Japan  joint  project, 
flight  test  of  stratospheric  experimental  system  were 
fulfilled  in  2002  year  at  Kauai  Island,  Havaii. 
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Fig.  1.  Stratospheric  communication  system 
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To  cover  the  wide  area  and  provide  the  sufficient 
link  margin  to  the  users  with  the  small  and  simple 
terminals,  HAPS  would  adopt  the  multi-beam  system. 
In  consideration  of  HAPS  airship,  the  elevation  angle 
of  about  20  degrees  is  assumed.  The  coverage  angle 
of  HAPS  antenna  is  about  ±70  degrees,  and  the  di¬ 
ameter  of  the  coverage  area  on  the  ground  is  about 
1 10  kilometers. 

Some  solutions  for  the  multi-beam  antenna  in  milli¬ 
meter  wave  were  proposed.  For  example,  at 
48/47  GHz,  in  V-band,  different  beams  can  be  formed 
by  independent  apertures  such  as  horns,  each  is  con¬ 
nected  with  transmit  and  receive  equipment  respec¬ 
tively  and  directed  to  a  specified  point  of  the  service 
area.  For  the  lower  frequency  such  as  Ka-band 
(30/20  GHz)  and  S-band  (2  GHz),  independent  aper¬ 
tures  grow  very  strong,  and  multi-beam  Active  Phased 
Array  Antenna  (APAA)  is  preferable  to  independent 
apertures  [2].  In  this  case,  one  APAA  forms  a  bundle  of 
beams  at  once.  The  experimental  models  of  the  Ka- 
band  on-board  receive  (20,2-21,2  GHz)  and  transmit 
(30,0-3 1 ,0  GHz)  antennas  were  developed  in  Japan  [3]. 

Development  of  APAA  with  DBF  opens  up  new 
possibilities  in  designing  multi-beam  antennas.  It 
should  be  remembered,  however,  that  such  antennas 
could  hardly  be  implemented  in  near  future,  due  to 
present  digital  IC  state-of-the-  art.  It  is  expedient  to 
develop  the  communication  system  step-by-step. 
Some  perspective  antennas  for  the  Stratospheric 
Communication  System  are  considered  below.  The 
results  of  the  work  at  initial  stages  are  given  too. 


2.  Consideration  of  Antenna 
Features 

The  APAA  are  applied  in  various  Communication  Sys¬ 
tems  [4,  5].  However  a  single-flat  APAA  is  ineffective 
for  wide  service  angles.  The  explanation  of  this  fact  is 
as  follows.  A  multi-beam  array  antenna  contains  a  sys¬ 
tem  of  simple  radiators  connected  with  a  Beam  Former. 
Usually,  an  antenna  radiating  element  (for  example,  a 
horn,  an  open  waveguide,  a  dipole,  a  spiral,  etc.)  has  a 
radiation  pattern  beamwidth  no  more  than  2x(40-50)°. 
The  element  gain  outside  of  this  angle  is  degraded  rap¬ 
idly.  In  feet,  flat  APAAs  can  be  used  up  to  ±45°  from 
the  boresight,  rarely  to  ±60°  scan  angle. 

,  Another  important  problem  is  connected  with  a  dis¬ 
tortion  of  antenna  pattern  cross-section  within  the 
coverage  area.  As  the  cell  moves  away  from  dirigible 
nadir,  its  dimensions  grow  and  the  energy  is 
“smeared”  on  the  Earth  surface. 

To  reduce  the  effects  mentioned  above,  a  possible 
way  is  to  use  of  multipanel  antennas.  Each  panel  of 
the  antenna  has  its  own  partial  coverage  area,  and  all 
of  them  form  the  whole  antenna  coverage  area.  This 
engineering  solution  is  successfully  used,  for  exam¬ 
ple,  in  Iridium  system  [4]  where  the  satellite  has  three 
separate  APAAs.  The  problem  of  matching  beams  of 
several  APAA  arises  in  this  case.  To  solve  the  prob¬ 
lem,  the  ABF  is  used  [4]. 


Fig.  2.  Sketch  of  the  seven-panel  antenna 

For  the  HAPS,  due  to  the  rigid  requirements  such  as 
very  low  side  lobe  of  radiation  beam  pattern,  ABF  is 
very  complicated  and  it’s  hard  to  satisfy  the  require¬ 
ments  [6].  The  DBF  is  preferable  to  ABF  for  HAPS 
because  of  its  high  capability  and  flexibility  [2, 3, 7, 8]. 

In  Fig.  2,  antenna  is  shown  above  the  Earth  surface. 
Antenna  axis  is  directed  to  the  Earth  center.  To  pro¬ 
vide  the  required  coverage  area,  it  is  necessary  to  de¬ 
termine  the  optimal  number  of  the  panels  and  the 
beam  arrangement.  There  are  several  criterions  for 
this  choice.  Actually,  all  the  criterions  are  oriented  on 
the  achievement  of  a  specified  link  budget  and  other 
parameters  that  are  important  for  the  communication 
system  when  the  antenna  cost  is  minimal. 

The  satisfactory  value  of  the  antenna  gain  should 
be  obtained  within  the  partial  service  area  for  each 
panel  when  the  total  number  of  panels  is  minimal. 
Also,  a  minimal  irregularity  in  the  cell  arrangement 
should  be  provided  to  create  a  tight  set  of  cells  on  the 
Earth  surface  without  gaps  (or  holes)  and  overlapping 
the  cells.  A  diverse  picture  takes  a  place  when  we 
used  a  multipanel  antenna.  Although  the  regular  con¬ 
struction  of  the  usual  Beam  Former  provides  a  regular 
character  of  the  beam  arrangement  within  the  partial 
coverage  angle,  distortions  of  the  beam  arrangement 
regularity  are  observed  at  the  joints  of  the  partial  cov¬ 
erage  angles.  The  reason  of  these  distortions  is  con¬ 
nected  with  different  positions  of  the  phase  centers  for 
different  panels  relative  to  the  Earth  Surface.  To  over¬ 
come  this  problem,  a  small  irregular  Beam  Former 
should  be  used.  Moreover,  the  rigorous  control  of  the 
side  lobe  level  should  be  fulfilled  [7].  Only  the  DBF 
Beam  Former  permits  to  solve  this  task  (Fig.  3). 

Antenna  beams  must  have  a  high  electromagnetic 
isolation.  This  leads  to  a  strong  limitation  on  off-axis 
antenna  radiation.  Especially  low  side  lobe  level 
(SLL)  is  required  when  Code  Division  Multiple  Ac¬ 
cess  (CDMA)  standard  is  used.  To  satisfy  these  re¬ 
quirements  [6]  and  to  design  the  antenna  with  low 
side  lobe  level,  it  is  necessary  to  realize  with  adequate 
accuracy  a  certain  taper  amplitude  distribution  in  the 
antenna  aperture.  Amplitude  errors  should  be  less 
0.2  dB  and  phase  errors  should  be  less  1 .5°  in  order  to 
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Fig.  3.  Beam  arrangement  for  the  antenna  with  DBF 


Average  pattern 

-  Upper  side  iobe  envelope 

Worst  realization  (maximum  SLL) 

-  Reference  radiation  pattern  established 

by  Resolution  221  of  the  WRC-2000. 

Theoretical  estimation  of  the  random 
background  from  formula  for  the 
average  radiated  power. 


Fig.  5.  a)  Linear  4-element  APAA  with  DBF 

b)  Radio-frequency  subsystem  of  linear  4- 
element  APAA  with  DBF 


Fig.  6.  Three  beams  of  the  linear  APAA  with  DBF: 
calculated  (dash)  and  measured  results 


Fig.  4.  Simulation  patterns  of  the  array  [8] 

suppress  the  side  lobes  of  the  HAPS  antenna  [8].  Due 
to  the  DBF,  signals  from  the  array  radiators  are  con¬ 
verted  directly  to  a  digital  form  and  translated  to  the 
digital  signal  processor  where  all  the  antenna  beams 
are  formed  independently.  An  example  of  the  APPA 
simulation  is  shown  in  Fig.  4. 

3.  Stages  of  Antenna  Creating. 

Results  of  Experimental  Modeling 

At  present  time,  using  of  DBF  is  restricted  by  small 
arrays  since  there  are  no  commercial  chips  to  imple¬ 
ment  multi-element  wideband  digital  beam  former. 
However,  this  disadvantage  is  temporary.  It  is  essen¬ 
tial  that  new  approaches  and  technologies  will  be  re¬ 
quired  to  create  the  antenna  for  Stratospheric 
(Communication  System.  As  the  first  approach,  the 


development  of  the  small  sized  antenna  with  DBF  is 
initiated  now  for  these  purposes  [3]. 

ETRI  and  JSC  “APEX”  developed  and  tested  4- 
element  linear  APAA  with  DBF  in  S-band  (Fig.  5). 
Three  beams  are  formed  (Fig.  6).  A  good  coincident  of 
theoretical  and  experimental  results  has  been  obtained. 

In  addition,  19’'element  S-band  APPA  is  developed 
and  manufactured  (Fig.  7).  The  antenna  is  assigned  to 
form  seven  beams.  Adjustment  of  the  element  and  the 
antenna  as  a  whole  are  carried  out  now. 

The  Ka-band  APAA  consisting  of  7  elements  and 
forming  seven  beams  is  developed  too.  Two  main 
constructive  units  arrange  the  antenna  channels:  the 
module  of  Ka-band  and  module  of  S-band.  It  is  neces¬ 
sary  to  create  a  special  RF  subsystem  for  the  Ka-band 
antenna  whereas  the  digital  subsystem  can  be  the 
same  as  for  19-element  S-band  antenna  forming 
7  beams.  The  architecture  of  the  antenna  and  element 
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Fig.  7.  Planar  19-element  APAA  with  DBF 

spacing  of  about  1.12  wavelength  are  similar  to  [3], 
except  the  radiation  structure  which  is  fulfilled  to  ob¬ 
tain  a  flat-topped  element  radiation  pattern  due  to 
element  mutual  coupling.  It  is  useful  to  suppress  the 
grating  lobes. 

4.  Conclusion 

The  requirements  to  the  antenna  for  HAPS  are  ex¬ 
tremely  strong.  It  should  be  a  new  era  of  APAA.  Only 
digital  approach  to  beam  forming  in  APAA  and  very 
stable  active  devices  allow  to  meet  these  require¬ 
ments.  Development  of  multi-panel  APAA  with  DBF 
is  a  perspective  way  to  create  antennas  for  HAPS. 
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Abstract 

The  paper  presents  a  novel  design  of  planar  multilayered  microstrip  antenna  arrays 
using  aperture-coupled  stacked  patch  radiating  elements  with  dual  polarization  capa¬ 
bility.  Frequency  bandwidth  of  up  to  26%  (VSWR<2:1),  isolation  between  or¬ 
thogonally  polarized  channels  better  than  30  dB  and  level  of  cross-polarization  better 
than  -30  dB  have  been  achieved  in  both  E-  and  H-planes  of  radiation  pattern  for  the 
two  orthogonal  linear  polarizations.  Numerical  results  obtained  by  FDTD  computer 
simulations  are  compared  with  measured  characteristics  of  a  manufactured  antenna 
samples,  operating  in  frequency  bands  from  0.9  to  15  GHz. 


1.  Introduction 

Rapid  development  of  digital  satellite  and  cellular  tele¬ 
communication  systems  goes  the  way  of  increasing  the 
network  capacity  and  possible  useful  data  rate  thus 
providing  a  new  range  of  services  to  the  customer  (like 
image  transfer  or  Internet  connection).  The  next  gen¬ 
eration  of  the  systems  has  to  use  spectral,  code,  polari¬ 
zation  and  space  signal  diversities  in  wide  working 
band  for  achieving  the  maximal  efficiency  of  allowed 
frequency  resourses.  This  cause  a  situation,  that  most  of 
principal  components  in  present  systems  should  be 
modified  under  the  long  number  of  strict  technical  and 
economic  requirements  for  the  future  ones.  Very  often 
these  requirements  come  in  contradiction.  For  instance, 
the  technical  specifications  for  GSM  base  station  an¬ 
tenna  arrays  commonly  include  the  following  list:  fre¬ 
quency  bandwidth  to  be  more  than  25  %,  dual 
polarization  capability  with  levels  of  crosspolar  radia¬ 
tion  and  isolation  between  orthogonally  polarized 
channels  better  than  -30  dB,  possibly  different  values 
of  beamwidth  in  elevation  and  in  azimuth  together  with 
the  limited  levels  of  sidelobe  and  backward  radiation, 
low  weight  and  profile  together  with  high  mechanic 
reliability.  For  providing  the  space  diversity  (for  exam¬ 
ple  in  3G  GSM)  one  need  to  choose  and  optimize  the 
proper  antenna  configurations,  that  also  help  to  avoid 
the  problem  of  high  mutual  coupling  of  radiators  in 
array,  and  propose  appropriate  multibeam  signal  proc¬ 
essing  algorithm.  Great  interest  is  also  seen  from  the 
development  of  mathematical  methods  for  quick  and 
accurate  electrodynamic  modeling  of  planar  radiating 
structures  that  take  into  account  edge  and  mutual  cou¬ 
pling  effects  and  that  connected  with  influence  of  the 
feeding  network.  More  often  antenna  engineers  prefer 


to  use  versatile  finite  methods  FEM  or  FDTD  (the  latter 
used  here)  in  order  to  be  able  to  analyze  exact  geometry 
of  antenna  array  even  with  mounting  devices  or  sur¬ 
rounding  objects.  Still  the  fiilfillment  of  mentioned 
above  system  requirements  for  the  planar  base  station 
antenna  array  is  ideologically,  computationally  and 
technologically  complicated  that  is  why  their  market 
price  stays  high.  This  paper  presents  short  description 
of  state  of  the  art  in  planar  array  configurations  and 
technology  from  the  point  of  view  of  their  suitability 
for  the  application  in  mobile  telecommunication  sys¬ 
tems.  More  detailed  focus  is  made  on  the  novel  design 
of  dual  polarized  planar  antenna  arrays,  built  of  wide¬ 
band  aperture  coupled  stacked  patch  radiators.  The 
proposed  antenna  arrays  were  optimized  for  the  appli¬ 
cation  in  Ku-band  (10.9-14.5  Hz)  satellite  telecommu- 
nica-tion  system  and  GSM  mobile  communication 
system  (900  and  1800  MHz). 

2.  General  Antenna  Design  Concept 

Antenna  arrays  are  considered  being  planar  (or  flat)  if 
profile  of  their  radiating  structure  is  about  0, 5A  or 
less.  Nowadays  technologies  allow  to  built  passive 
planar  arrays  1)  from  radiating  slots  cut  in  close  metal 
waveguide,  2)  from  different  shaped  patch  (metal 
strips)  placed  over  dielectric  substrate;  3)  from  metal 
dipoles,  placed  in  the  uniform  dielectric  layer.  None 
of  them  takes  the  absolute  advantage  over  the  others 
so  that  the  final  decision  concerning  their  suitability  is 
fully  dependent  on  specific  system  requirements. 
Waveguide  slot  antenna  arrays  have  simple  series 
feeding  network  that  is  suitable  for  high  power  trans¬ 
mission  in  radar  systems.  One  can  use  the  combina¬ 
tion  of  slots  in  narrow  and  wide  walls  in  rectangular 
waveguide  feeding  system  to  achieve  dual  polariza- 
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Fig.  1.  Aperture  slot  coupled  stacked  patch  antenna 
with  single  linear  polarization  operation. 

tion  capability  with  low  levels  of  crosspolarisation. 
But  nature  of  the  series  feeding  limits  possible  fre¬ 
quency  bandwidth  (<  5%)  and  produces  frequency 
scan  effect.  Dipole  antenna  arrays  with  corporate 
feeding  are  widely  used  in  telecommunication  sys¬ 
tems,  that  operate  at  frequencies  less  than  3  GHz. 
But  they  appear  to  be  technologically  complicated 
(not  efficient)  and  sensitive  to  the  manufacturing  in¬ 
accuracies  when  the  frequencies  become  higher. 
Moreover  the  significant  difference  in  E-  and  H- 
plaiies  radiation  patterns  of  simple  dipoles  can  cause 
additional  problems  for  some  dual-polarized  applica¬ 
tions  (e.g.  GSM  base  station). 

The  well-known  microstrip  patch  antenna  concept, 
based  on  the  use  of  a  rectangular  conducting  patch 
over  a  grounded  substrate,  usually  leads  to  1  to  3% 
of  the  input  impedance  bandwidth.  Following  the  pur¬ 
pose  of  bandwidth  expanding,  one  can  implement  an 
impedance  matching  microstrip  network  [1],  directly 
coupled  patch  resonators  placed  on  the  same  substrate 
12]  or  U-shaped  slots  in  the  rectangular  patch  resona¬ 
tor  [3].  However,  these  methods  were  found  to  be  not 
effective  for  the  design  of  dual-Iinearly  polarized  an¬ 
tenna  arrays. 

Aperture  coupled  stacked  patch  radiators  (Fig.  1),  in 
which  parasitic  element  placed  above  lower  patch,  pro¬ 
vides  working  frequency  bandwidth  more  than  25%, 
better  identity  of  beamwidth  in  £-  and  //-planes  and 
perfect  crosspolar  characteristics,  if  use  a  symmetrical 
type  of  microstrip  excitation.  Here  the  dual  resonator 
system  formed  by  stacked  patches  is  excited  by  a  slot 
located  in  the  metallic  ground  plane  of  an  inverted  mi¬ 
crostrip  feeding  line  [4].  Different  dielectric  permittiv¬ 
ity  of  supported  substrates  cause  a  slight  difference  in 
resonant  frequencies  of  highly  radiation  coupled  patch 
resonators  and,  as  a  result,  wider  bandwidth  perform¬ 
ance  of  the  composite  antenna  structrure  (up  to  70  %  is 
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Fig.  2.  Aperture  slot-coupled  stacked  patch  antenna 
with  dual  polarization  capability  and  non- 
symmetrical  location  of  slots:  geometry 
(left)  and  radiation  patterns  (right). 

achievable  as  shown  in  [4]).  In  addition,  the  microstrip 
feed  network  is  separated  from  radiating  surface  by  a 
ground  plane,  and  therefore,  does  not  influence  the 
level  of  cross-polarization  radiation. 

The  authors  of  [5]  have  reported  dual  polarized  mi¬ 
crostrip  antennas  that  used  two  orthogonally  coupled 
slots  below  the  patch  with  two  independent  microstrip 
feeding  lines  (Fig.2).  Each  microstrip  line  is  associ¬ 
ated  with  either  vertical  or  horizontal  linear  polariza¬ 
tions.  However,  the  configuration  of  the  antenna, 
shown  in  Fig.2,  still  causes  a  significant  level  of 
parasitic  crosspolar  radiation.  The  level  of  crosspo¬ 
larization  radiation  is  in  the  order  of  —15...  —  18  dB 
and  cannot  be  improved  by  vaiying  the  thickness  or 
dielectric  constants  of  dielectric  layers  (Fig.  2  right). 
Results  of  a  full-wave  FDTD  analysis  of  the  electro¬ 
magnetic  fields  inside  such  a  structure  [6,  7]  show  that 
the  high  level  of  cross-polarization,  which  cannot  be 
observed  in  the  case  of  a  single  linearly  polarized  an¬ 
tenna  (Fig.  I),  occurs  due  to  the  electromagnetic  cou¬ 
pling  of  two  orthogonal  slots  with  finite  width  located 
nearby.  Consequently,  the  excitation  of  one  slot  inevi¬ 
tably  leads  to  the  excitation  of  also  an  orthogonally 
positioned  slot  and  to  generation  of  the  unwanted 
crosspolar  radiation  [9]. 

In  order  to  satisfy  the  strict  requirements  as  men¬ 
tioned  above  and  to  reduce  the  problems  of  electro¬ 
magnetic  interference  of  fields  from  adjacent  slots,  a 
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Fig.  3.  Aperture  slot-coupled  stacked  patch  antenna 
with  dual  polarization  capability  and  sym¬ 
metrical  location  of  slots:  geometry  (left) 
and  radiation  patterns  (right) 

combination  of  the  stacked  patch  technique  is  pro¬ 
posed  with  a  symmetrical  positioning  of  the  coupled 
slots  [9],  shown  in  Fig.  3.  At  the  right  hand  of  Fig.  3 
one  can  observe  a  typical  characteristic  of  two-port 
isolation  for  the  cases  of  symmetric  (single  line)  and 
nonsymmetric  (dotted  line)  location  of  slots. 

For  the  numerical  simulation  of  the  multilayered 
microstrip  planar  antenna  structure  we  have  chosen 
FDTD  method.  It'^s  high  flexibility  and  accuracy  per¬ 
mits  one  to  solve  complex  three-dimensional  electro¬ 
magnetic  radiation  problems  without  introducing 
additional  assumptions  and  simplifications.  Moreover 
this  method  is  used  to  perform  a  multiparameter  nu¬ 
merical  optimization  of  antenna  structure  geometry 
and  its  feeding  network.  For  this  purpose  the  multi¬ 
layered  structrure  shown  in  Fig.  4  was  incorporated 
into  a  Cartesian  coordinate  system  with  a  non-uniform 
mesh  configuration.  The  finest  mesh  resolution  was 
taken  to  be  better  than  A  / 100  referring  the  radiating 
patch  areas,  microstrip  feeding  network  and  planar 
interfaces  between  different  substrates.  On  the  con- 
traiy,  poor  resolution  (the  sizes  of  cells  were  in  the 
order  of  A  /  30 )  refers  to  the  homogeneous  areas  of 
dielectric  layers  and  near  absorbing  boundaries.  Stair¬ 
step  approximations  were  used  for  the  simulation  of 
inclined  metal  strips  used  in  feeding  network.  The 
total  computational  domain  had  sizes  190  x  120  x  95 
bounded  by  perfectly  matched  layer  (PML)  for  ab- 
sorbtion  of  the  outgoing  radiated  electromagnetic 
waves.  The  Courant  stability  criteria  was  used  as  a 
limiting  condition  to  select  proper  time  step  value. 
Finite  losses  in  dielectric  substrates  were  taken  into 
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a)  Perspective  view. 

Port  1 


b)  Top  schematic  view 


Fig.  4.  Geometry  of  proposed  dual-linearly  polar¬ 
ized  multilayer  microstrip  antenna 

account.  We  tested  aperture  stacked  patch  radiators  in 
several  frequency  bands  ranging  from  800  MHz  to 
15  GHz.  The  basic  design  of  the  proposed  novel  mul¬ 
tilayered  dual-polarized  Ku-band  (10, 9...  14, 5  GHz) 
antenna  is  explained  according  to  Fig.  4.  The  inte¬ 
grated  antenna  consists  of  two  stacked  aperture- 
coupled  radiating  elements  and  a  microstrip  feeding 
network,  combining  this  radiators  into  a  two-element 
antenna  subarray.  The  spacing  between  elements  was 
chosen  to  be  equal  of  0, 8  of  wavelength  at  the  center 
of  the  frequency  range  (12,7  GHz).  The  stacked  an¬ 
tenna  structure  is  manufactured  by  using  four  low-loss 
dielectric  layers  with  different  thickness  and  dielectric 
constant.  Each  layer  was  separately  manufactured. 
Parameters  of  the  layers  are  given  in  Table  1 .  The 
composite  sandwich  structure  assembly  is  situated 
quarter  of  a  wavelength  above  the  metallic  screen  at 
bottom  side  to  suppress  backward  radiation.  This  dis- 


Tablel.  Parameters  of  layers 


Layer 

Substrate 

Thickness, 

mm 

Loss 

tangent 

A 

Duroid  5880 

0.508  mm 

2.2 

0.0009 

B 

Duroid  5880 

0.765  mm 

2.2 

0.0009 

C 

Rohacell  51 IG 

2.5  mm 

1.07 

0.001 

D 

Duroid  5880 

0.25  mm 

2.2 

0.0009 
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Fig.  5.  Calculated  and  measured  VSWR:  a)  horizontal 
polarization;  b)  right  -  vertical  polarization. 


tance  is  provided  by  special  plastic  holders  that  addi¬ 
tionally  contain  rectangular  plastic  frames  for  making 
the  whole  assembly  mechanically  strong. 

Fig.  5  contains  calculated  and  measured  character¬ 
istics  of  VSWR  for  two  orthogonally  polarized  chan¬ 
nel,  that  prove  the  wideband  antenna  subarray 
performance.  In  Fig.  6  measured  and  simulated  far- 
zone  radiation  patterns  for  horizontal  polarization 
channel  at  the  center  frequency  (12,7  GHz)  are  pre¬ 
sented,  proving  good  dual  linearly  polarized  perform¬ 
ance  with  level  of  crosspolar  radiation  better  than  - 
30dB.  From  technological  point  of  view  the  examined 
structure  occurs  to  be  very  sensitive  to  the  possible 
shift  of  dielectric  substrates  in  horizontal  plane.  One 
can  use  corporate  microstrip  feeding  network  based 
on  Wilkinson  power  dividers  to  built  planar  antenna 
arrays  of  the  larger  sizes  as  shown  in  Fig.  7. 

Described  principals  were  applied  for  the  novel  de¬ 
sign  of  dual  polarized  GSM-900  and  GSM- 1800  base 
station  array  antennas  with  sector-shaped  radiation 
patterns.  Each  array  contain  4-aperture  stacked  patch 
radiating  elements  (fig.  7).  Metal  patches,  strip  feed¬ 
ing  system  and  screen  with  slots  were  manufactured 
from  metal  sheet  (thickness  1  mm)  by  milling  tech¬ 
nology.  As  a  supporting  low-loss  dielectric  material 
we  used  foam  with  e  =  1,2 .  From  the  back  and  sides 
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Fig.  6.  Calculated  and  measured  antenna  radiation 
patterns  (co-  and  cross-polarization)  for  the 
horizontal  polarization  channel  at 

12,7  GHz:  a)  YZ-plane;  b)  XZ-plane 


Vert,  polar. 


Hor.  polar. 


Fig.  7.  Topology  of  a  4x2  element  antenna  array 

the  feeding  network  and  radiating  patches  were  closed 
by  metal  profile.  Its  has  special  form  and  was  opti¬ 
mized  by  FDTD  method  together  with  the  sizes  of 
patches  in  order  to  provide  low  level  of  VSWR  and  in 
addition  equal  radiation  patterns  in  horizontal  planes 
for  vertical  (Fig.  9)  and  horizontal  (Fig.  10)  polariza- 
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Fig.  8.  (Photo  of  the  antenna  array  for  GSM-900 
base  station) 
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Fig.  9. 

tion  channels.  In  these  figures  letters  with  brackets  a) 
and  b)  correspond  to  horizontal  and  vertical  planes 
respectively.  Symmetry  in  location  of  exciting  slots 
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Fig.  10. 

gives  the  opportunity  to  achieve  the  overall  crosspolar 
isolation  better  than  33  dB.  The  last  specifications 
plays  a  key-role  for  the  realization  of  polarization 
processing  of  received  signal  from  a  mobile  customer 
in  modem  GSM  base  stations.  Radiating  surface  of 
array  is  protected  from  the  climatic  factors  by  thin 
low-loss  fiber-glass  cover  with  ergonomic  design. 

3.  Conclusions 

Novel  design  of  planar  antenna  arrays  built  from  aper¬ 
ture  stacked  patch  elements  and  capable  for  operation 
in  the  frequency  bands  ranging  from  0,8  to  15  GHz 
has  been  presented.  It  has  been  shown  that  symmetri¬ 
cal  slot  excitation  of  stacked  patch  radiators  together 
with  isolated  strip  feeding  network  allow  to  achieve 
crosspolar  radiation  level  better  than -30  dB  and  iso- 
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lation  between  orthogonally  polarized  chan¬ 
nels  >  33  dB  in  the  frequency  bandwidth  more  than 
25  %.  Due  to  dual  polarization  capability  and  the  ex¬ 
cellent  crosspolar  characteristics  these  antenna  arrays 
are  potential  candidates  for  application  in  various  ra¬ 
dar  and  communication  systems. 
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Abstract 

A  new  fused  Bayesian  regularization  (FBR)  method  for  enhanced  remote  sensing 
imaging  based  on  a  new  concept  of  aggregated  statistical-deterministic  regularization 
was  developed  recently.  In  this  study,  we  present  the  results  of  modeling  and  exten¬ 
sive  simulation  of  the  FBR  algorithms  for  enhanced  reconstruction  of  the  spatial 
spectrum  patterns  (SSP)  of  the  point-type  and  spatially  distributed  wavefield  sources 
as  it  is  required  for  the  remote  sensing  imagery  with  synthetic  aperture  arrays.  The 
simulations  were  performed  in  the  MATLAB  computational  environment  for  the 
family  of  the  SAR  imaging  algorithms  that  employed  different  modifications  of  the 
FBR  method.  The  presented  results  enable  one  to  evaluate  the  operational  perform¬ 
ances  of  the  FBR  method  that  were  not  previously  reported  in  the  literature. 


1.  Introduction 

This  paper  presents  the  results  of  the  synthesized  ar¬ 
ray-oriented  modeling  and  extended  simulation  study 
of  the  family  of  the  radar  image  formation  algorithms 
that  employ  the  recently  developed  fused  Bayesian- 
regularization  (FBR)  method  [6],  for  high-resolution 
estimation  of  the  spatial  spectrum  pattern  (SSP)  of  the 
wavefield  sources  distributed  over  the  remotely  sens¬ 
ing  probing  surface.  The  FBR  method  employs  the 
idea  of  aggregating  the  Bayesian  inference  making 
strategy  for  high-resolution  SSP  estimation  [2]  with 
the  descriptive  regularization  technique  [5]  that  pro¬ 
vides  the  rigorous  formalism  for  incorporating  the 
projection-type  and  metrics  constraints  imposed  on 
the  desired  radar  image.  In  applications  related  to 
SAR/radar  remote  sensing,  this  method  was  theoreti¬ 
cally  grounded  and  developed  in  [5,  6],  whereas  the 
operational  performances  that  manifests  the  FBR 
method  in  its  different  modifications  were  not  investi¬ 
gated  in  details.  That  is  why,  in  this  paper,  we  are 
going  to  present  the  results  of  modeling  and  extensive 
simulations  of  the  family  of  F5i?-based  SSP  estima¬ 
tion  algorithms  that  were  not  previously  reported  in 
the  literature.  We  use  the  MATLAB  computational 
environment  as  simulation  tools  that  provide  the  com¬ 
putational  efficiency  and  flexibility  in  performing  the 
simulation  experiment. 


2.  Summary  OF  THE  FBR  Method 

The  problem  of  enhanced  radar/SAR  imaging  is  to  de¬ 
velop  an  antenna  array  (AA)/synthesized  array  (SA) 
based  data  processing  method  for  performing  the  high 
efficient  estimation  of  the  SSP  B(x)  as  a  ftinction  of 
the  probing  surface  X  hy  processing  the  available 
data  wavefield  recordings  u{y)  measured  over  the 

AA/SA  trajectory  Y  ?y ,  Such  the  estimate  B(x)  of 
the  SSP  B{x)  is  referred  to  as  the  desired  enhanced 
radar/SAR  image  of  the  probing  surface  [5].  In  the 

conventional  vector  form,  the  estimate  B  of  the  vec¬ 
torized  SSP  model  defines  the  desired  discrete-form 
image  of  the  remotely  sensed  scene  in  the  adopted  pixel 
image  format  [4].  The  trajectory  data  is  modeled  by  the 
equation  of  observation  [5]  U  =  SE  -f  N ,  where  E  is 
the  original  X-D  vector  of  the  discrete-form  approxima¬ 
tion  of  the  random  complex  object  scattering  function 
(SF),  K  -by-  M  matrix  S  is  referred  to  as  the  linear 
signal  formation  operator  (SFO)  and  N  is  the  observa¬ 
tion  noise  (in  this  study  we  accept  the  robust  white 

noise  model,  i.e.  =  {1/Nq  )I,  with  the  noise  in¬ 
tensity  Nq  pre-estimated  by  some  means  [2].  The  SSP 
is  related  to  the  original  complex  random  SF  as, 
B  =  {(EE+>}diag- 

The  family  of  the  SSP  estimation  (reconstruction) 
algorithms  that  employ  the  FBR  technique  developed  in 
[5, 6]  comprises  three  following  basic  SSP  estimators. 
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1.  The  general  iterative  FBR  {IFBR)  estimator  of  the 
SSP  is  defined  as  follows  [6] 

'^IFDR 

B<-+»  =  B")+C(W[v(b('))-Zj;(B('>  )])-(!) 

with  the  initial  iteration  B^**^  taken  as  some  prior 
model  of  the  SSP,  e.g-B"*’  =  B,,^,  where  superscript 
i  =  0,1,2,...  represents  the  iteration  step  number,  (  is 
the  relaxation  parameter,  and 

Zj;  (b'’)  )  =  T(B(’>  )Bu  +  z(  B'’>  )  (2) 

defines  the  total  shift  to  the  sufficient  statistics  (SS)  at 
the  f  th  iteration.  In  (I), 

V  =  {FUU+F+}„i,.,  (3) 

represents  the  vector  of  (SS  that  is  formed  applying 
the  SS  formation  operator 

F  =  F(B)  =  D(B)(I  +  S+RX,’SD(B))"’ (4) 
to  the  trajectory  datalJ .  Also  in  (I), 

Z  =  Z(B)  =  {fR„F*).„.,  (5) 

is  the  bias  vector,  T  =  diag{{s+F+FS}.ii„K  } ,  and 

W  =  Pfi  (6) 

defines  the  window  operator,  a  composition  of  the 
smoothing  filter  ft  and  the  projector  P  onto  the  proper 
solution  space,  which  must  be  designed  to  aggregate  the 
corresponding  metrics  and  projection  constraints  im¬ 
posed  on  the  solution  (see  [5]  and  [6]  for  details). 

2.  The  robust  spatial  filtering  (RSF)  estimator 

BnsF  =  ftV  (7) 

relates  to  (1)  as  its  robustified  version  for  the  case  of 
trivial  priors,  B,.,  =0,  P  =  I,  and  solution  inde¬ 
pendent  approximation 

F=:(l-|-p-*S+Sr*S+  (8) 

of  the  SS  formation  operator  with  the  inverse  p~^  of 
the  SNR  p  =  as  a  regularization  parameter, 
where  0  represents  the  image  average  gray  level 
preestimated  by  some  means  [5]. 

3.  The  matched  spatial  filtering  {MSF)  estimator  is 

constructed  as  a  further  simplification  of  (7).  Adopting 
the  trivial  a  priori  model  information  (P  =  I  and 

B,„.  =  0  )  and  roughly  approximating  the  SS  formation 

operator  F  by  the  adjoint  SFO,  i.  e.  F  «  7uS+  (where 
the  normalizing  constant  7„  provides  balance  of  the 
operator  norms  7^  tr{s+SS+S}  =  tr{FSS+F+  } ),  the 
(7)  is  simplified  to  the  A/5F estimator 

^MSF  =  ,  (9) 


where  the  rough  SS,  H  =  7,Us+UU+S}di„g  ,  is  now 

formed  applying  the  adjoint  operator  S+  ,  and  the 
windowing  of  the  rough  SS  H  is  performed  applying 
the  smoothing  filter  ft  that  was  constructed  numeri¬ 
cally  in  [5]. 

As  it  was  shown  in  [5,  6],  the  A/FF  algorithm  (9) 
coincides  with  the  conventional  aperture  synthesis 
procedure  [1,4]  with  the  matched  filtering  of  the  tra¬ 
jectory  signal  as  the  data  processing  method,  whereas, 
the  RSF  snA  IFBR  estimators  (7)  and  (1),  respectively^ 
may  be  referred  to  as  the  enhanced  imaging  algo¬ 
rithms  that  provide  the  image  improve¬ 
ment/reconstruction  with  respect  to  that  formed  using 
the  conventional  MSF  method. 

3.  Simulation  Experiment 

3.1.  Simulation  DETAILS 

The  aim  of  the  simulation  experiment  was  to  investi¬ 
gate  the  performances  of  three  FFF-based  SSP  esti¬ 
mators  (1),  (7)  and  (9).  We  simulated  a  conventional 
side-looking  SAR  (i.e.  the  radar  array  was  constructed 
by  the  moving  antenna)  with  the  SFO  factored  along 
two  axes  in  the  image  plane:  the  azimuth  and  the 
range.  The  factorization  of  the  SAR  ambiguity  func¬ 
tion  (AF)  over  the  range  and  azimuth  directions  [4] 
implies  that  the  SSP  estimation  algorithms  presented 
above  can  be  simulated  independently  over  the  corre¬ 
sponding  axes  in  the  image  plain.  In  the  azimuth  di¬ 
rection  X ,  the  composition  S'^'S  defines  matrix 
of  the  discretized  model  of  the  azimuth  AF  [6] 

^'„(Ax)ft!exp(-7rA.r'^/a^),  (lO) 

where  a  =  AorQ  /  2Lg  is  the  fraction  parameter  that 
pertains  to  the  partially  (/c— fractional)  effective  synthe¬ 
sized  aperture  4  =k(Ao»()/4i)  with  the 

physical  antenna  of  effective  aperture  4  weighted  with 
the  Gaussian  tapering  function  [6].  In  the  range  direc¬ 
tion  y ,  the  composition  S''‘S  corresponds  to  matrix 
that  approximates  the  range  AF  ^,.(A?/)  [1], 

In  the  simulations,  in  the  y  direction,  the  resolu¬ 
tion  cell  was  adjusted  to  the  effective  width  of  the 
range  AF.  In  the  x  direction,  the  fraction  parameter 
a  in  (10)  was  controlled  to  adjust  different  effective 
widths  of  the  azimuth  AF  ( Ai) .  The  second  ad¬ 
justable  parameter,  the  SNR,  was  calculated  as  the 
ratio  of  the  average  signal  component  in  the  rough 
image  formed  using  algorithm  (9)  to  the  relevant 
noise  component  in  the  same  image,  i.e. 

M  =  (W)(tr{^a}tr{^,})-4tr{(^„)'^}tr{(^,.)2}, 
where  0  represents  the  average  gray  level  of  the 
original  image.  The  matched  SSP  estimation  algo¬ 
rithm  (9)  was  applied  to  form  the  images  over  the 
vertical  (range)  axis  while  over  the  horizontal  (azi¬ 
muth)  axis,  three  algorithms  (9),  (7)  and  (I)  were 
tested.  The  window  operator  W  =  Pft  was  taken 
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Initial  Simulated  Scene  MSF  image 


a)  b) 


e)  f) 

Fig.  1.  Simulation  results  for  1-D  scenario:  a)  origi¬ 
nal  scene;  b)  MSF  image;  c)  RSF  image;  d) 
IFBR  image  (10  iterations);  e)  IFBR  image 
(4  iterations);  f)  IFBR  image  (40  iterations). 

from  [6]  in  which  the  projector  P  was  constructed  to 
preserve  the  x  -axis  boundaries  of  the  image  formed 
using  the  RSF  method  (1)  in  each  range  gate  and  in¬ 
corporated  the  projection-type  constraints  imposed  on 
the  desired  SSP  [6]. 

For  the  purpose  of  generality,  in  the  simulations  we 
considered  two  imaging  scenarios:  (i)  1-D  imaging  in 
the  azimuth  direction  for  a  particular  range  gate  with 
K  -fractionally  synthesized  aperture;  (ii)  2-D  imaging 
of  the  remotely  sensed  scenes  in  the  x-y  directions 
with  K  -fractionally  synthesized  aperture. 

3.2.  Simulation  Results 

We  examined  the  behavior  and  performance  indices 
of  these  estimators  for  different  simulated  scenes  of 
the  SSPs.  The  1-D  simulated  image  (for  a  particular 
range  gate)  is  presented  in  Fig,  la.  The  other  pictures 
of  Figure  relate  to  three  different  SSP  estimators  (1), 
(7)  and  (9)  for  two  different  scenarios  of  fractional  AS 
as  specified  in  the  Figure  captions. 

The  examples  of  2-D  simulated  images  are  pre¬ 
sented  in  Fig.  2  for  the  same  aperture  synthesis  sce¬ 
narios  as  in  the  1-D  case.  In  the  images  depicted  in 
Figs,  1  and  2  the  parameter  a  in  (10)  was  adjusted  to 
provide  the  horizontal  width  of  the  discretized  azi¬ 
muth  AF  at  a  half  of  its  peak  level  equal  to  4  pixels. 
The  quantitative  measure  of  the  improvement  in  the 
output  signal -to-noise  ration  (lOSNR)  achieved  with 
the  enhanced  imaging  methods  (1)  and  (7)  for  the  two 
simulated  aperture  synthesis  scenarios  are  presented 
in  Tables  1  and  2,  respectively.  lOSNR  relates  to 


Fig.  2.  Simulation  results  for  2-D  scenario: 

a)  original  scene;  b)  MSF  image;  c)  RSF 
image;  d)  IFBR  image  (40  iterations). 


the  RSF  method,  and  lOSNR  to  the  IFBR  methed, 
respectively. 

4.  Conclusions 

In  both  SAR  imaging  scenarios,  the  RSF  and  IFBR 
estimators  overperformed  the  conventional  MSF 
method  of  AS,  as  the  improvement  in  the  image  qual¬ 
ity  was  observed.  In  addition,  the  estimates  obtained 
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Table  1.  lOSNR  values  provided  \vith  the  two 
simulated  methods:  RSF  and  IFBR 
Results  are  reported  for  the  1-D  simulation 
scenario  for  two  synthesized  aperture 
models  resolution  parameters: 
first  system,  A’5'^  =  4 ; 

second  system,  =  9 


SNR,  p 

First  system 

Second  system 

(dB) 

lOSNR  <'> 

lOSNR 

lOSNR 

lOSNR 

15 

2.28 

3.93 

8.42 

9.53 

20 

3.89 

4.09 

10.85 

12.81 

25 

5.52 

7.39 

14.64 

17.06 

30 

12^ 

9.41 

18.37 

20.22 

with  the  IFBR  algorithm  outperformed  those  obtained 
with  the  RSF  estimator.  For  the  trivial  a  priori  settings 
(P  =  I .  Bq  =  0 ),  the  latter  corresponds  to  the  previ¬ 
ously  developed  Bayesian  maximum  entropy  (BME) 
algorithm  [5]  thus,  in  summary,  we  conclude  that  the 
IFBR  method  overperforms  also  the  BME  estimator. 
Regions  of  interest  and  distributed  object  boundaries 
are  better  defined,  whereas  one  can  examine  some 
ringing  effect  usually  observed  with  filters  based  on 
inverse  operations. 
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Abstract 

Questions  of  microwave  technologies  development  for  the  oil  and  gas  extraction 
complex  are  considered.  The  data  on  the  oil  environments  being  object  of  microwave 
electromagnetic  fields  influence  are  resulted,  the  physical  essence  of  carried  out  mi¬ 
crowave  technological  processes  is  briefly  discussed.  Classification  of  the  microwave 
technologies  used  and  developed  for  the  oil  and  gas  extraction  complex,  the  basic  re¬ 
quirements  is  resulted  for  them,  economic  and  ecological  aspects  of  their  application 
are  marked. 

Keywords:  oil,  mineral  oil,  processing,  microwave  technologies 


!•  Introduction 

Modem  world  practice  of  oil  deposits  development  is 
characterized  by  use  of  a  wide  set  of  various  technical 
and  technological  decisions  and  means  of  extraction, 
gathering,  preparation  of  oil,  gas  and  water  on  crafts. 
Thus  the  high-efficiency  block  automated  equipment 
working  on  deposits  without  constant  presence  of  the 
attendants,  different  possible  chemical  reagents,  etc. 
are  widely  applied  in  many  technological  processes. 

At  the  same  time  a  lot  of  problems  in  considered 
area  wait  for  the  decision.  To  them  concern:  develop¬ 
ment  of  effective  ways  and  the  equipment  for  deep 
dehydration  of  heavy  and  high-viscosity  oil;  prepara¬ 
tion  of  oil,  containing  mechanical  impurity;  destruction 
of  trap  emulsion,  forecasting  of  oil  and  water  prepara¬ 
tion  technological  parameters  depending  on  their 
physical  and  chemical  properties;  increase  of  efficiency 
and  reliability  of  the  process  equipment,  etc. 

The  majority  of  the  specified  problems  can  be 
solved  with  use  of  microwave  technologies  (MWT). 
MWT  possess  a  number  of  advantages  in  comparison 
with  used  technologies.  First,  it  is  volumetric  heating 
of  the  processed  environment  with  a  various  gradient 
for  fractions  of  which  it  will  consist;  second,  actually 
higher  size  of  heating  gradient  (on  the  order,  and 
sometimes,  more). 

Use  of  microwave  processing  results  in  more  effec¬ 
tive  and  productive  separation  of  crude  oil  components 
(water  and  oil),  allows  to  create  installations  as  actually 
for  their  separation,  and  for  definition  of  their  quantita¬ 
tive  ratio,  provides  automation  of  technological  and 
measurement  processes.  And,  at  last,  it  is  very  impor¬ 
tant  to  note,  that  MWT  are  pollution-free  technologies. 


The  examinations  which  have  been  carried  out  by 
authors  and  specialists  from  other  regions  of  Russia 
and  abroad  prove,  that  use  of  MWT  at  the  detailed 
account  of  physical  and  chemical  properties  and  spe¬ 
cific  features  of  such  composite  heterogeneous  dis¬ 
perse  systems  as  water-oil  emulsion  (WOE)  is  a  basis 
for  the  further  perfection  of  oil,  gas  and  water  prepa¬ 
ration  technology  and  technical  equipment  in  structure 
of  oil  and  gas  extraction  complex  (OGEC). 

2.  Processes  of  Microwave 
Interaction  with  WOE 

At  microwave  influence  the  classical  phenomena  of 
thermal  conductivity,  convection  and  radiation  have 
secondary  value  in  thermal  balance  of  the  processed 
environment,  in  comparison  with  the  thermal  heating 
caused  by  specific  influence  of  used  microwave  elec¬ 
tromagnetic  fields  (EMF).  Microwave  influence  raises 
doublet  rotation  of  environment  molecules  at  presence 
of  powerful  intermolecular  connections  that  results  in 
occurrence  of  hysteresis  between  the  enclosed  field 
and  the  induced  response,  and  reserved,  thereof,  en¬ 
ergy  is  allocated  at  a  relaxation  as  heat.  Thus,  mole¬ 
cules  of  environment  should  possess  high  enough 
doublet  moment  for  maintenance  of  microwaves  ef¬ 
fective  influence  on  environment. 

One  of  WOE  basic  components  is  water.  Because 
of  significant  asymmetry  of  the  molecule  it  possesses 
exclusive  polarization.  Thus  water  is  ideal  material  for 
microwave  influence.  Dielectric  properties  of  water 
considerably  change  at  addition  of  salts.  In  this  case 
resulting  permeability  is  influenced  with  number  of 
hydration,  i.e.  number  of  the  connected  molecules  of 
the  water  surrounding  a  molecule  of  salt.  Thus  the 
dielectric  loss  tangent  insignificantly  falls. 
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The  mathematical  models  describing  process  of 
distribution  in  substance  of  electromagnetic  fluctua¬ 
tions  of  various  frequency  ranges  have  essential  dis¬ 
tinctions.  Spatial  and  time  dispersion  of  dielectric 
permeability  start  to  be  shown  at  presence  of  micro- 
wave  EMF.  Maxwell’s  equations  are  inapplicable  here 
in  a  classical  kind,  as  the  equation  of  connection  be¬ 
tween  vector  D  of  electric  displacement  and  vector 

of  electric  field  intensity  E  assumes  the  following 
form 

=  .  (1) 

oc  V 

This  expression  shows,  that  the  contribution  to  po¬ 
larization  of  environment  to  the  given  point  r  and  at 
present  /  is  brought  with  the  charges  which  are  taking 
place  earlier  in  the  next  points  of  space. 

The  molecular  mechanism  of  this  phenomenon  is 
combined  enough.  As  it  mentioned  above,  it  can  be 
explained  as  the  phenomenon  of  deduction  at  which 
rotation^  of  dipoles  is  interfered  by  intermolecular 
connections  that  result  in  a  hysteresis  between  the 
enclosed  field  and  polarization  of  dipoles,  i.e,  to  a 
stock  of  energy  with  its  subsequent  relaxation. 

Heat,  which  has  arisen  inside  material,  is  distributed 
with  the  help  of  mechanisms  of  conductivity,  convec¬ 
tion  and  radiation.  As  radiation  is  inherent  only  in  sur¬ 
faces,  and  convection  is  characteristic  in  an 
insignificant  degree  for  liquids,  we  shall  take  into  ac¬ 
count  only  the  mechanism  of  conductivity.  Microwave 
heating  can  be  described  by  the  standard  equation  of 
thennal  carry,  including  item  of  internal  heat  clearing 

^  ^  ^ 

dx^  dy^  dz^  ^  Vk~a~dt' 

where  A  -  thermal  conductivity,  a  -  factor  of  ther- 
mal  diffusivity. 

For  the  description  of  heat  conductivity  connection 
and  other  physical  and  chemical  properties  of  WOE  the 
various  formulas  are  offered  insignificantly  distinguished 
in  factors.  As  a  rule,  Predvoditelevs’  formula  is  used 

A  =  4, 28  •  ,  (3) 

where  Cp  -  thermal  capacity  at  constant  pressure; 
p  -  density;  M  -  molecular  weight.  Under  normal 
conditions  the  factor  of  heat  conductivity  of  oil,  gas 
and  water  changes  within  the  limits  of  0,14-0,16, 
0,54-0,65  and  0,01-0,03  accordingly.  The  thermal 
capacity  of  oil  can  be  determined  under  the  formula 

Cp  =  107, 325p/(496, 8  +  t).  (4) 

The  specific  thermal  capacity  of  oil  changes  within 
the  limits  of  1, 7-2,2  kJ/Ckg-^K).  A  thermal  capacity  of 
water-4,l9kJ/(kg®K). 

Factors  of  heat  conductivity  and  thermal  capacity 
depend  on  temperature  and  pressure.  Usually  at  tem¬ 
perature  rise  on  10°K  the  factor  of  heat  conductivity 
decreases  for  1%  on  the  average,  and  at  pressure  in¬ 


crease  on  10  MPa  -  insignificantly  increases.  At  in¬ 
crease  of  pressure  from  10  up  to  80  MPa  A  increases 
on  5-10%  and  more. 

3.  The  Basic  MWT,  Used  IN  OGEC,  AND 
Requirements  to  Them 

Heating  by  means  of  microwave  EMF  possesses  three 
prominent  features  determining  its  essential  differences 
from  other  known  ways.  First  of  them  will  consist  in 
volumetric  character  of  material  heating.  The  second 
feature  of  microwave  heating  consists  in  its  selectivity. 
Oil  products  are  non-uniform,  have  local  inclusions  (or 
are  local  inclusions)  with  distinguished  dielectric  perme¬ 
ability.  According  to  above  mentioned  ratio  allocation  of 
heat  on  sites  with  various  dielectric  parameters  will  oc¬ 
cur  differently.  The  third  feature  of  microwave  heating  is 
following.  Control  of  EMF  spatial  distribution  and  inten¬ 
sity  make  possible  to  carry  out  heating  as  from  the  point 
of  view  of  its  uniformity  in  volume,  and  opposite,  with 
the  purpose  of  some  part  selective  heating. 

The  listed  features  make  microwave  heating  rather 
promising  in  the  broad  audience  of  appendices  for 
OGEC.  It  is  necessary  to  relate  to  them  the  following. 

•  Accelerated  WOE  separation  with  simultaneous 
destruction  of  hydrogen-sulfide  bacterium  in  frac¬ 
tions  of  the  unit. 

•  Decrease  of  oil,  bitumen,  firm  sludge  and  other 
products  viscosity. 

•  Dehydration  of  WOE  with  smal  1  contents  of  water. 

•  Clearing  pipes  from  pyrobitumen  and  paraffin. 

•  Warming  up  sludge,  natural  bitumen,  petroliferous 
sandstones  with  the  purpose  of  oil  feedback  increase. 
Besides  it  is  necessary  to  pay  attention  to  MWT 

heating  application  opportunity  in  oilchemistry.  To¬ 
day  there  are  results  of  examinations  and  develop¬ 
ments  proving  an  opportunity  of  qualitative  and 
quantitative  changes  of  all  oilchemistry  technological 
processes  parameters,  using  heating  during  an  initial 
product  processing.  To  them  concern: 

•  Reduction  of  time,  increase  of  productivity  and 
improvement  of  quality  of  an  end-product  at  vul¬ 
canization  of  rubber  and  thermoplastic  materials, 
polymerization  of  various  substances. 

•  Reception  of  substances  with  new  physical  and 
chemical  properties  due  to  influence  of  EMF  at  a 
level  of  their  atomic  condition. 

•  Disinfecting  of  industrial  drains. 

•  Creation  of  essentially  new  technologies  of  metal 
surfaces  painting  due  to  their  preliminary  process¬ 
ing  by  microwave  EMF  (change  of  superficial  ox¬ 
ides  structure). 

»  Recovery  of  silica  gel  drier  without  technological 
processes  shutdown. 

•  Drying  of  composites  from  various  dielectrics  on  a 
glutinous  basis. 
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The  researches  of  last  years,  which  have  been  car 
ried  out  in  the  Research  center  of  Applied  Electrody¬ 
namics,  have  opened  a  new  opportunity  of  properties 
change  of  various  substances  of  nonmetallic  character 
due  to  their  processing  by  very  small  power  level,  so- 
called  low-intensive,  including  information,  EMF. 

Under  influence  of  such  fields  the  destruction  of 
various  microflora,  pathogenic  mushrooms,  various 
parasitic  have  been  marked,  that  allows  constructing 
today  already  economic  and  simple  technological 
complexes  with  use  of  EHF-range  energy.  To  them 
concern  a  complex  for  OGEC  technical  waters  proc¬ 
essing,  a  complex  for  laboratory  waters  processing  in 
precision  chemical  technologies,  etc. 

One  of  the  OGEC’s  major  branches  are  technologi¬ 
cal  processes  of  oil  and  WOE  gathering,  preparation 
and  transport.  These  processes  occur  in  conditions  of 
changing  parameters:  pressure,  temperature  and  debit. 
Besides,  complicating  factors  are  uncertainty  of  dis¬ 
perse  structure  and  non-uniformity  of  its  distribution 
in  the  volume,  caused  by  features  of  structure  of 
streams  in  oil  pipelines. 

Change  of  oil  condition  parameters  results  in  its 
rheological  parameters,  electrophysical  and  other  proper¬ 
ties  change.  The  specified  characteristics  rather  essen¬ 
tially  influence  on  processes  of  oil  products  microwave 
processing.  It  is  represented  expedient  to  consider  oil  as  a 
conglomerate  which  parameters  have  casual  character, 
and  to  use  experimental  methods  of  WOE  parameters 
analytical  control  as  the  basic  tool  of  research. 

Features  of  microwave  EMF  and  WOE  interaction, 
marked  above,  cause  application  of  the  system  ap¬ 
proach  as  by  development  of  new  oil  processing 
MWT,  and  of  new  microwave  means  for  WOE  pa¬ 
rameters  analytical  control. 

Historically  developed  approach  to  research  WOE 
assumes  division  of  a  task  into  two  stages:  first,  de¬ 
termination  of  components  number  forming  a  mix  and 
its  identification,  establishing  qualitative  structure  of  a 
mix;  and  then,  proceeding  quantitative  ratio  between 
them  from  some  characteristics  of  the  components 
identified  in  a  mix.  In  this  case  for  definition  of  oil 
watering,  for  example,  WOE  microwave  separation 
on  components  is  possible  at  the  first  stage.  Micro- 
wave  measuring  technologies  can  find  application  for 
research  of  oil  medium-volume  temperatures,  both  in 
a  stream,  and  in  tanks.  And,  at  last,  application  of  mi¬ 
crowave  gauges  for  definition  of  oil  level  and  level  of 
its  phases  is  widely  enough  known. 

Thus  it  is  supposed  to  consider  means  of  WOE 
analytical  control  both  as  independent  informatics’ 
measuring  systems  (IMS),  and  built  -  in  IMS  of  MWT 
complexes.  At  creation  of  similar  systems  it  is  neces¬ 
sary  to  take  into  account  the  basic  requirements  of  the 
modem  concept  for  analytical  systems  construction, 
providing:  contact  free  measuring  process;  the  in¬ 
creased  accuracy  of  measurement,  use  of  microproc¬ 
essor  technical  equipment;  high  dynamic 
characteristics;  reliability  of  the  data,  simplicity  of 


service  and  flexibility  of  functioning;  whenever  pos¬ 
sible  the  low  price. 

4.  MWT  Classification  for  OGEC 

The  classification  resulted  here  is  based  on  insignifi¬ 
cant  quantity  of  the  publications  found  by  authors  and 
devoted  to  questions  of  MWT  use  in  OGEC,  and  does 
not  apply  for  exclusive  completeness.  However  its  use 
allows  presenting  the  basic  directions  of  application 
and  prospect  of  MWT  use  in  OGEC.  MWT  in  OGEC 
are  used  basically  for  heating  of  oil  environments. 

First  MWT  class  is  intended  for  improvement  of 
commodity  oil  preparation  quality.  Technologies  of 
heating  concern  to  them  with  the  purpose: 

•  Decrease  of  oil  viscosity. 

•  Dehydration  of  oil. 

•  Separation  of  WOE  and  trap  oil. 

Second  MWT  class  is  intended  for  processing 
OGEC  waste  products  with  the  purpose  of  commodity 
oil  allocation  from  them.  Technologies  of  heating 
concern  to  them  with  the  purpose: 

•  Allocation  of  oil  from  sludge. 

•  Allocation  of  oil  from  sandstones. 

•  Allocation  of  oil  from  bitumen. 

Third  MWT  class  is  intended  for  restoration  of  the 
process  equipment  used  at  oil  extraction,  transporta¬ 
tion  and  storage.  Technologies  of  heating  concern  to 
them  with  the  purpose: 

•  Melt  of  pyrobitumen  and  paraffin. 

•  Melt  of  oil  adjournment  on  walls  of  tanks. 

It  is  necessary  to  relate  to  the  fourth  MWT  class 
MWT  accompanying  to  the  heating,  used  in  techno¬ 
logical  processes  of  oilchemistry.  Taking  into  account 
perspectives  of  the  received  results,  we  shall  allocate 
technologies  of  heating  with  the  purpose: 

•  Pyrolysis  of  automobile  trunks. 

•  Acceleration  of  chemical  reactions  process  course 
and  improvement  of  their  target  products  quality 
(vulcanization,  polymerization,  etc.). 

It  is  necessary  to  relate  to  the  fifth  MWT  class 
MWT  for  IMS.  In  this  case  it  is  necessary  to  make  a 
reservation,  that  only  some  MWT  for  IMS  use  heat¬ 
ing,  Technologies  of  heating  concern  to  such  tech¬ 
nologies  with  the  purpose: 

•  Separations  of  WOE  for  the  further  definition  of 
quantitative  ratio  of  water,  oil  and  gas; 

•  Sublimations  of  oil  for  the  further  definition  of  its 
fractional  structure  and  other  physical  and  chemi¬ 
cal  properties. 

Other  technologies  of  this  class  use  microwave  meth¬ 
ods  for  measurements.  To  them,  in  particular,  concern: 

•  Measuring  instruments  of  oil  level  in  parks. 

•  Measuring  instruments  of  phase’s  level. 

•  Measuring  instruments  of  medium-volume  tem¬ 
perature  (radiometers). 
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5,  Ecological  and  Economic  Aspects 
OF  MWT  Application  in  OGEC 

Russia  is  one  of  the  largest  oil-producing  countries  of 
the  world.  However  existing  technologies  of  extraction 
and  oil  refining  actually  do  not  provide  recycling  oil 
waste  products.  If  to  take  into  account  already  existing 
and  potential  pollution  of  subsoil  waters,  air,  ocean, 
waterways  becomes  obvious,  that  such  actions  can  lead 
to  the  most  serious  world  ecological  accident.  The  most 
significant  on  negative  influence  on  ecology  are  acci¬ 
dents  in  Komi  Republic  in  1955,  in  area  of  Volgograd 
in  1996,  in  area  of  Saratov  in  1997.  Economic  effi- 
ciency  of  microwave  installations  is  based  on  influence 
by  EMF  energy  on  oil  waste  products  which  allows  to 
destroy  quickly  and  effectively  intermolecular  connec¬ 
tions  in  WOE  and  sludge,  and  also  on  absence  of  ex¬ 
penses  for  purchase  of  raw  material  (waste  products)  as 
the  oil  companies  agree  to  transfer  them  under  the  in¬ 
significant  prices.  It  speaks  by  a  high  level  of  charges 
on  storage  and  processing  of  waste  products  by  other 
methods,  penalties  for  environmental  contamination. 

Unfortunately,  MWT  do  not  provide  the  universal 
decision  of  all  problems.  However  the  opportunity  of 
MWT  application  should  be  considered  in  all  cases 
when  other  technologies  do  not  allow  achieving  desir¬ 
able  result,  and  advantages  of  microwaves  use  be¬ 


come  unique  and  provide  significant  decrease  in 
power  and  other  expenses.  MWT  development  for 
OGEC  appreciably  depends  on  size  of  required  in¬ 
vestments  which  for  manufacture  of  MWT  complex 
has  the  order  $750  on  1  kW  against  $125  on  1  kW  for 
manufacture  of  household  microwave  installation  and 
$50000  for  manufacture  of  classical  technological 
complexes  of  heating  without  taking  into  account 
unique  advantages  of  MWT. 

The  estimation  of  economic  feasibility  of  MWT 
application  should  include  the  detailed  analysis  of 
traditional  technologies  on  which  there  is  already 
saved  up  database,  necessity  of  laboratoiy  modeling, 
creation  of  pilot  samples  for  definition  of  optimum 
parameters  of  technological  processes  and,  at  last, 
creations  of  monitoring  means.  In  all  cases  the  set  of 
various  factors,  such  as  increase  in  volumes  of  manu¬ 
facture,  reduction  of  labor  input,  improvement  of 
working  conditions,  a  minimalism  of  thermal  losses, 
economy  of  the  resources  spent  on  maintenance  of 
technological  process,  its  safety,  ecology,  etc.  should 
be  taken  into  account.  Estimations  should  be  carried 
out  very  critically,  so  that  development  of  anyone 
MWT,  under  preliminary  forecasts  not  adequate  to 
expected  economic  characteristics,  has  been  sus¬ 
pended  right  at  the  beginning. 


104  International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp.  107-109 


THE  DIFFER-INTEGRAL  THEORY 
OF  FRACTAL  ANTENNAS 

Volodymir  M.  Onufriyenko 

Zaporizhzhia  National  Tecnical  University 
Zaporizhzhia,  Ukraine 
<onufr@zntu.edu.ua> 


Abstract 

The  introduction  of  the  so-called  a  -forms  for  studying  the  behaviour  of  electro¬ 
magnetic  field  components  in  the  vicinity  of  antennas  with  fractal  properties  is  con¬ 
sidered.  To  estimate  the  a  -forms,  some  possible  algorithms  are  formulated,  namely 
a  geometric  one  involving  the  evaluation  of  the  Hausdorff  measure  and  an  analytical 
algorithm  permitting  the  Hausdorff  measure  to  be  evaluated  through  the  application 
of  fractional  derivatives  and  integrals.  Far-field  patterns  of  the  ifractal  a  -pole  anten¬ 
nas  are  calculated. 

Keywords:  Fractal  antenna,  Hausdorff  measure,  differ-integral,  a  -forms,  Maxwell 
(Abel)  equations,  vector  and  scalar  potential.  Green’s  function,  turnstile 
a  -poles,  radiation  pattern. 


1.  Introduction 

“Fractals”  were  first  defined  by  Benoit  Mandelbrot  in 
1975  as  a  way  of  classifying  structures  whose  dimen¬ 
sions  were  not  integer  numbers.  These  geometries  have 
been  used  previously  to  characterize  the  unique  occur¬ 
rences  in  nature  that  were  difficult  to  define  with  the 
Euclidean  geometries,  including  the  length  of  coastlines, 
the  density  of  clouds,  and  the  branching  of  trees  [  1  ] . 

Fractals  represent  a  class  of  geometry  with  very 
unique  properties  that  can  be  enticing  for  the  antenna 
designer.  Since  the  electrical  lengths  play  such  an 
important  role  in  antenna  design,  this  efficient  pack¬ 
ing  can  be  used  as  a  viable  miniaturization  technique. 

The  antenna  design  can  benefit  from  studying  these 
geometries.  Looking  at  the  geometries  whose  dimen¬ 
sions  are  not  limited  to  integers  may  lead  to  the  dis¬ 
covery  of  antennas  with  improved  characteristics  over 
these  which  exist  today.  The  fractal  antennas  have 
shown  possibility  to  miniaturize  antennas  and  to  im¬ 
prove  the  input  matching.  Certain  classes  of  fractal 
antennas  can  be  configured  to  operate  effectively  at 
various  fi*equency  bands  [2]. 

There  are  three  distinct  advantages  in  using  the 
fractal  antennas.  First,  fractal  geometries  can  be  im¬ 
plemented  to  miniaturize  the  resonant  loop  and  the 
dipole  antennas.  Also,  the  designing  with  fractal  ge¬ 
ometries  can  overcome  the  limitations  to  improve  the 
input  resistance  of  antennas  that  are  typically  hard  to 
match  to  the  feeding  transmission  lines.  Furthermore, 
the  self-similar  nature  in  the  fractal  geometry  can  be 
utilized  for  operating  a  fractal  antenna  at  various  fre¬ 
quencies. 


2.  Formulation 

The  well  known  technique  of  approximating  to  non¬ 
coordinate  boundaries  through  covering  the  surface 
with  simple  compacts  (like  rectangles,  circles,  or  el¬ 
lipses)  permits  application  of  numerical  algorithms  for 
solving  boundary-value  problems  of  electrodynamics. 
Let  us  extend  the  technique  of  covering  the  bounda¬ 
ries  and  domains  of  existence  of  the  field  to  the  case 
of  a  smooth  contour  possessing  fractally  distributed 
geometric  points  over  its  certain  section  (physically,  a 
highly  jagged  (rough)  portion  of  the  contour).  To  that 
end,  we  will  consider  a  model  of  the  contour  section 
showing  the  properties  of  local  uniformity  and  local 
self-similarity.  Let  fractal  portion  of  the  contour  be 
approximated  to  with  a  segmented  line  with  the  links 
of  constant  length  and  the  ends  lying  on  the  con¬ 
tour  (ifc-number  of  covering  generation).  In  this  con¬ 
nection  we  are  able  to  use  the  generalized  measure  of 
the  manifold  magnitude  involving  choice  of  a  trial 
power  function 

/*(n(i))  =  7(a)  X 

with  the  weight  factor  7(0:)  (geometrically:  a  recti¬ 
linear  segment,  a  square,  a  circle,  a  sphere,  a  cube, 
etc,),  and  covering  of  the  multitude  of  points  under 
study  with  elements  Bi  of  length  ,  with  formation 
of  the  Hausdorff  a  -measure 

H°{E)  =  lim  H“{E)  =  inf{7{a)^r;“  ; 

e— >0  ^ 

ec\Jb,  ,n<e}. 
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That  can  serve  as  a  measure  of  the  extent  and  curva¬ 
ture  of  the  continuous  limiting  line. 

Instead  of  the  complex  procedure  of  each  time  con¬ 
structing  geometrically  the  fractal  set  and  determining 
Hausdorffs  measure  with  consequent  limiting  transi¬ 
tions,  we  will  make  use  of  the  fractional  integration 
and  differentiation  formalism,  where 


X 


with  x>  a  and  a  >  0 ; 


LDlf){x)  = 


_ _ 1 


d 


(X 


r(l  -  a)  dx 

with  X  >  a  and  0  <  a  <  1. 


V  a 


Here  r(a)  is  Euler’s  gamma-fiinction  and  a  is 

the  order  of  the  integro-differential  operator  (scaling 
factor). 

Differintegral  £>"/  determines  some  the  differin- 
tegral  forms  of  a  degree  q  on  n  with  value  in  / 

(imaging  fi  in  I?(n  c  E,F) : 


i^‘'ix)-{X)  =  {D''f){x).X. 

If  to  crest  factors 

jjjO+i  ^  J2ai{x)dx,  A  dxf 

t 

to  put  in  correspondence  vector  a  =  {aj  to  coeffi¬ 
cients  of  external  differential  dTu°  there  will  corre¬ 
spond  a  curl  of  a  vector  a  on  a  fractal  set. 

The  Q  -volume  forms 

d°V  =  d^xi  A  ...  A  d^x,,, 

on  a  m -dimensional  Riemannian  manifold  E  in¬ 
duces  a  Borel  measure,  which  coincides  with  the 

Hausdorff-measure  =  J  d°V  for  any  open 

u 

set  U  c  E .  Hence,  for  any  integrable  a  -forms  /" 
on  E  equality  f  f°  =  J {r,TE)dH''  ,  where 

E  E 

is  a  vector,  defining  tangential  plane  is  valid.  We  have 
installed  the  formula  of  connection  between  integrals 
of  the  second  type  (from  the  a  -forms)  and  integrals 
of  the  first  type  (in  respect  of  Hausdorffs  measure). 


3.  The  Solution  of  the  Problems 

Electromagnetic  field  in  fractal  medium  follows 
Maxwell  (Abel)  equations  in  the  terms  of  q  -forms 

ioQ{a)  ^  ^(a)^  ^ag{a)  ^  ^(a) 

The  integral  equation  that  is  solved  is  the  electrical  field 
integral  equation.  The  equation  applies  to  fractal  electri¬ 


cal  conductors.  The  currents  are  found  by  imposing  the 
condition  that  tangential  electric  a  -fields  vanish  on 
the  fractal  surface  of  the  conductors  (hereinafter 
=  („Z)“u(“))(x)) 

gp7lt , total  ^taugoilt,iuf'i(t  "t"  goat. /icntt  (^) 

The  incident  field  is  the  field  that  would  exist  if  the 
conducting  surfaces  would  be  absent.  The  scattered 
fields  are  those  that  are  generated  from  the  induced 
surface  currents.  The  equivalence  theorem  can  be  util¬ 
ized  to  remove  the  conducting  bodies  and  define  a 
sheet  of  current  that  will  excite  the  true  scattered  field, 
which  is  excited  by  the  induced  surface  currents.  The 
field  from  these  equivalent  currents  can  be  computed 
from  Maxwell's  equations  (10).  The  solution  of  Max¬ 
well's  equations  for  an  electric  field  at  an  observation 
point  r  can  be  found  using  auxiliary  potential  func¬ 
tions,  the  magnetic  vector  q  -potential,  A ,  and  the 
electric  scalar  a  -potential,  $ 

E%att  =  -ju)A^{r)  -  V$''(r) .  (3) 

Eq.  (3)  substituted  into  (2)  results  in  the  electric 
field  integral  equation 

(-JWA  (r)  -  V3>  =  -Eumgn,t,mcid{r), 

where, 

A<“)(r)  =  //  J  J(r')G(r,  r')ds'- ,  (4) 

s 

V'  •  J{r')C{r, r')ds'- ,  (5) 

s 

(6) 


and  =1  r  -  r'  I  is  the  distance  between  an  obser¬ 
vation  point  r  and  the  source  point  r' ,  and 
k  =  2ir/A  with  A  being  the  wavelength, 

ds"  =  5''(r  -  r')ds  is  a  surface  that  supports  a  sheet 
of  current. 


6°{r  —  r') 


_1 _ 

r(a)  (r  - 


_1 _ 

rf  -  “ 


6{r  —  r'). 


The  sheet  does  not  have  to  be  continuous. 

For  wire  radiators,  the  calculations  can  be  simplified 
by  using  the  thin  wire  approximation.  This  assumes 
that  the  wire  radius,  a ,  is  much  smaller  than  a  wave¬ 
length,  A .  Thus,  the  current  density,  J*")  is  uniformly 
distributed  around  the  circumference  of  the  wire 


I  P'"' 

27ra"  ’ 


where  is  a  unit  vector  along  the  axis  of  the  wire 
and  I  is  the  total  current  passing  through  a  cross 
section  of  the  wire. 
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Fig.  1.  Far-field 


Fig.  2.  Radiation  intensity  U{9,ip) 


4,  The  Radiation  Patterns 

The  radiation  patterns  from  the  simulated  antennas 
can  be  calculated  by  radiating  the  computed  currents. 
The  directivity  of  the  antenna  is  calculated  from 


D{6^(p)  —  47r 


P 


where  the  radiation  intensity,  U{9^(p),  is  a  far  field 

parameter  that  is  independent  of  r.  It  can  be  found 
from  both  polarization  components  of  the  scattered 
electric  field, 

=  p  +  i4“^  P), 

~  o!^{cos(e)exp(-j<p)}, 
Es*\0,tp)  -  o/ff  {cos(e)exp(-jV)}. 

The  power  P  supplied  to  the  antenna  is  computed 
from  the  sum  of  the  applied  voltage  sources  and  the 
computed  currents. 

Three  types  of  fractals  were  compared  as  dipoles: 
a  Koch  curve,  a  fractal  tree,  and  a  tree-dimensional 
fractal  tree. 


5.  The  Computed  Far-Field  Patterns 

Far-field  Eo{9)  pattern  of  turnstile  a -pole  are  shown 
in  Fig.  1. 

The  computed  directional  diagram  on  power  are 
plotted  in  Fig.  2. 

6.  Conclusion 

The  expected  benefit  of  using  a  fractal  as  a  dipole 
antenna  is  to  miniaturize  the  total  height  of  the  an¬ 
tenna  at  resonance,  where  resonance  means  having  no 
imaginary  component  in  the  input  impedance. 
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Abstract 

The  outcomes  of  a  search  for  efficient  and  correct  ways  of  the  truncation  of  com¬ 
putational  domain  in  finite-difference  methods  arc  presented.  The  relevant  mathe¬ 
matical  problem  is  resolved  rigorously  both  for  two-dimensional  scalar  model 
problems  and  for  three-dimensional  vector  problems.  In  the  framework  of  this  ab¬ 
stract,  we  describe  briefly  only  two  typical  two-dimensional  situations.  The  peculiari¬ 
ties  associated  with  a  change  to  the  analysis  of  three-dimensional  vector  problems  are 
to  be  covered  in  the  report. 

Keywords:  initial  boundaiy'-valuc  problem,  ‘absorbing’  boundaiy^  conditions,  pulse 
wave  radiation. 


The  analysis  of  pattern-forming  structures  with  com¬ 
pact  elements  (whose  parameters  are  given  by  the 
permittivity  e(p),  the  conductivity  cr(p), 
9  —  ^  and  the  boundaries  S  of  perfectly 

conducting  inclusions,  see  Fig.  1)  excited  by  the  ‘cur¬ 
rent’  sources  F{g^i)  and  ‘momentary’  sources  ^p{g) 
and  il){g)  is  reduced  to  the  solution  of  the  initial 
boundary-value  problems 

=  FM-, 

=  ^ig)--,g  e  Q; 

=0;  <>0; 

9  ^  {y,z)  e  Q,  <>  0. 

These  equations  describe  transient  states  of  E- 
polarized  waves  =  0 , 

=  E_f(g,t))  and  H  -polarized  waves 
(Ep  —  =  Ej  =  0 ,  U (g,t)  =  Hj.  (g,t))  initi¬ 

ated  by  sources  and  objects  located  in  the  bounded 
region  of  the  plane  R'^  of  coordinates  y  and  z , 
didx  =:  0 .  Here  £(g)  and  <j{g)  are  piece-wise 
constant  functions.  The  analysis  domain 
Q  =  \  intS  (S  stands  for  the  boundaries  of  the 

regions  intS  occupied  by  perfect  metal,  G  is  the 
closure  of  G  andQ  =  U  tQ  U  L)  in  problems 
(l)is  not  closed. 


However,  above  (below,  to  the  right  of  and  to  the 
left  of)  the  boundary  z  =  (^  =  I2,  y  =  Li, 

and y  =  Li)  there  are  neither  sources  nor  scatterers. 
The  function  U(g,t)  here  corresponds  to  anoutgoing 
wave  crossing  the  respective  boundary  L  in  one  di¬ 
rection  only  and  satisfies  homogeneous  problems  (1) 
withef^)  -  1  =  a(g)  =  0  .This  fact  allows  one  [1] 
to  supplement  problems  (1)  with  the  following  exact 
‘absorbing’  condition: 


^  4.  ^  Irr/  2’paFi((7,t.w)  .  . 


dt 


r  f^  =  A; 

^  y  <  _  j.  f  >  0, 

z  —  i>2; 


sin  (pdip; 


d%(9,t,<p)  d^W.igXy’) 

di^  dz^  ~  ’ 


dt 


1'2(p><.V’)Un  =  0; 


r  T  ~ 

I'2<Z<L,  t>0, 
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d  d 

s  .  a 


W2 


2cos(^ 

TT 

2cos<^ 


7r/2 


0 

7r/2 


i  >  0,  R{(p,'y)  = - 2 


sin*^  7 


(4) 


cos"^  (f  +  sin**^  if  cos'^  7  ’ 


("■I 

1+J 

■+' 

1 

+  1 
1  J 

f-l 

[-1 

{4,^2}, 

{LM. 


In  fact,  only  these  three  formulas  taken  together, 
define  the  exact  local  ‘absorbing’  condition  for  the 
entire  rectangular  virtual  boundary  L  .  Equations  (4) 
fulfill  the  role  of  boundary  conditions  in  the  boundary 
value  problems,  inherent  in  (2)  and  (3),  with  respect  to 
the  auxiliary  functions  Vj{g,t,(p)  and 

W^(g,t,(p)  =  Vj  (g,t,(p)cos^  tp  +  U (g,t),  j  =  1,2. 


The  symbols  « 


+ 


g  =  {L3,Li}»  stand  for  the 


rules  governing  the  choice  of  a  sign  in  the  upper  and 
the  lower  equations  for  different  comer 
points g  =  {y,z} ,  Set  of  equations  (2)-{4),  being 
added  to  problems  (1),  restricts  the  analysis  domain 
Q  to  the  region  Problems  (1)  and  (l)-(4)  are 
equivalent:  the  additional  conditions  do  not  introduce 
any  distortion  in  simulated  physical  processes  of  non- 
sinusoidal  waves  radiation. 

The  antenna  near  fields  are  determined  in  the  im¬ 
mediate  computational  region  Qjr  of  the  finite- 
difference  method,  whereas  the  far  fields  are  obtained 
by  recalculation  of  27  ( ^,  0  from  the  virtual  boundary 
L  onto  the  virtual  boundary  P ,  moved  to  the  required 


Fig.  2.  Plane  model  of  the  antenna  with  a  grating  as 
dispersive  element 


distance  from  L :  the  exact  radiation  conditions  (2)- 
(4)  allow  one  to  constmct  in  an  explicit  form  the 
‘transport’  operator  such  that 

U (g,t)  =  (0[27 (p,r)] . 

The  above  result  can  be  easily  extended  to  a  case  of 
pulse  E~  or  H  -polarized  waves  radiated  from  a 
plane-parallel  waveguide  with  an  aperture  of  arbitrary 
geometry  (see,  for  example,  Fig.2).  The  rectangular 
boundary  L  closes  the  analysis  domain  in  the  region 
of  free  signal  propagation,  while  the  boundary  L 
closes  the  domain  in  the  supplying  waveguide.  The 
relevant  original  ‘open’  plane  initial  boundary- value 
problem  (1)  is  reduced  [1]  to  the  equivalent  ‘closed’ 
one  with  the  analysis  domain 


Qi  = 


p  G  Q  :Z/4  <  y  <  L^’^ 


1 

V 

-L\  1j/|  <  a/2 

■  <  z  <  Li 

y  >br 

by  adding  local  exact  ‘absorbing’  conditions  on  L 
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Ml'''-'"!...,  - 


t>0,  \y\<a/2, 

IP(S,,0,^)  =  =  0-,|2,I  <  a/2;<  >  0 

lF(±a/2,<,^)  =0  (£^  —  polarization)  or 
d\Viy,t,<p)/dyl^^^f^=Q  (H  —  polarization ) ; 

and  the  following  exact  local  conditions  on  L  : 

1  7r/2 

^  A  ^  TT/  *\  2  cdVi{g,t,(p)  .  2 

Ql  +  j-z  =  lii  — g7  ^ 


df  dy^ - 1  =  <  >  Oi  (6) 

Ql  *  1  (p5^iV^)|/=0  ■“ 

t=0 

■^4  ^  2/  ^  Ail  z  = 

^ _ 9  jj.  _  2  r 5 V"i (p,<,v?)  .  0  , 

dt  -  nJ  — 


-^±A 

a<  ay 

t  >  0; 


I  dt^  d?  , 

/=0. 

y  —  I'.xi  1^.1  <  z  <  Li‘, 

y  =  Li,  L21  <  z  <  Li; 

7r/2 

Tt  *  =  ^/ 


R{<p,j) 


sin^  7 

2  ^^~~2  2  J  ^  ^  ^5 

COS  (^  +  sm  <^cos  7 


d%{9,t,<p)  dHVi{g,t,<p} 


=  0;  t  >  0; 


f  Vi  {b,z,t,ip)  =  0:  E-  polar; 


dVi{y,z,t,(p) 

dy 


t  >  0 

=  0;  H  -  polar;  (7) 


^  ^  (  fl)  )  ,~r  .  ,  I 

Ql -  =Vi(9,t,V>)Y^=0- 


^i{y,z,t,v)  = 


K,  {y,z,t,(p)\b  =^b,  <y<  Li, 
^  —  ^2.1' 

Vu{y,2,t,v)\Li  <y<b=-bi, 

^  —  Lii', 


+  9  =  {h,I<}  H  Z,  =lFi, 


9  =  {LuLir}  H  Zi=n';,., 


+  [  ^=={^4.^1}  H  Zi  =  IF], 


9  —  {Li, Lit}  H  Zi  =11^,/ 


^j(.9,t,‘P)  =  Vj{g,t,<p)cos^  (tp)  +  U(g,t), 

7  =  1,2, 

^i(9,t,'fi)  =  Fi  {g,t,tp)cos^  {tp)  +  U(g,t), 

^hr{9,i,v)  =  ^,r(5,<,V^)cos^(<^)  +  U(g,t), 

^ui9,i,<P)  =  1^1,;  {g,t,ip)cos^  (p)  +  U (g,t) 

are  auxiliary  functions.  For  these  functions,  the  initial 
boundary-value  problems,  entering  into  (6)-(8),  are 
well-posed.  The  symbols  like 

4- 

^  9  =  {L-i,Li}  and  Zi  =  lFi»  stand  for 

the  rules  governing  the  choice  of  signs  in  the  upper 
and  the  lower  equations  (9)  as  well  as  the  choice  of 
the  values  of  Zi{g,t,p)  for  the  comer  points 
9  =  {y,z}. 
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Abstract 

An  efficient  technique  for  the  analysis  of  electromagnetic  scattering  by  arbitrarily 
shaped  inhomogeneous  dielectric  objects  is  presented.  The  technique  is  based  on  a 
higher-order  method  of  moments  (MoM)  solution  of  the  volume  integral  equation. 
This  higher-order  MoM  solution  comprises  recently  developed  higher-order  hierar¬ 
chical  Legendre  basis  functions  for  expansion  of  the  electric  flux  density  and  a 
higher-order  geometry  modeling.  An  unstructured  mesh  composed  by  trilinear  (8- 
node)  and/or  curved  (27-node)  hexahedral  elements  is  used  to  represent  the  dielectric 
object  accurately.  It  is  shown  that  the  condition  number  of  the  resulting  MoM  matrix 
is  reduced  by  several  orders  of  magnitude  in  comparison  to  existing  higher-order  hi¬ 
erarchical  basis  functions  and,  consequently,  an  iterative  solver  can  be  applied  even 
for  high  expansion  orders.  Numerical  results  demonstrate  excellent  agreement  with 
the  analytical  solutions  for  the  dielectric  sphere,  as  well  as  with  results  obtained  by 
other  numerical  methods. 

Keywords:  volume  integral  equation,  electromagnetic  scattering,  higher-order 
hierarchical  basis  functions,  method  of  moments,  inhomogeneous 
dielectric  objects. 


1.  Introduction 

Traditionally,  scattering  and  radiation  problems  in¬ 
volving  dielectric  materials  have  been  solved  with 
surface  integral  equation  formulations  or  by  differen¬ 
tial  equation  solvers  such  as  the  finite  element  method 
(FEM).  A  direct  method  of  moment  (MoM)  solution 
of  volume  integral  equations  (VIE)  has  remained  im¬ 
practical  due  to  its  excessive  CPU  and  memory  re¬ 
quirements.  Thus,  various  modifications  of  MoM 
have  been  developed  to  accelerate  computations  and 
relax  computational  demands  for  solution  of  VIE 
problems,  e.g.,  the  Conjugate-Gradient  algorithm 
combined  with  Fast  Fourier  Transform  (CG-FFT)  [1] 
and  the  Fast  Multipole  Methods  (FMM/MLFMM)  [2]. 
Being  relatively  fast  these  methods  also  have  disad¬ 
vantages:  the  first  requires  rectangular  discretization 
grid  and  the  second  is  still  memory  consuming. 

An  alternative  approach  is  to  reduce  the  number  of 
unknowns  in  MoM  considerably  by  discretizing  the 
integral  equation  with  higher-order  interpolatoiy  or 
hierarchical  basis  fimctions.  Hierarchical  fiinctions 
provide  greater  flexibility,  enabling  different  expan¬ 
sion  orders  on  different  elements  in  the  same  mesh. 
The  main  bottleneck  of  existing  hierarchical  basis 
functions  is  the  ill-conditioning  of  the  MoM  matrix 
which  requires  a  direct  solver  to  be  employed  [3]. 


This  implies  that  the  solution  time  of  the  MoM  matrix 
is  proportional  to  where  N  is  the  number  of  un¬ 
knowns,  whereas  it  is  proportional  to  N'^  for  iterative 
solvers.  Thus,  the  application  of  an  iterative  solution 
method  is  essential  for  any  efficient  MoM  tool  for 
large-scale  electromagnetic  problems  involving  inho¬ 
mogeneous  dielectric  materials. 

Recently,  a  new  type  of  higher-order  hierarchical 
basis  functions  was  proposed  in  [4],  where  they  were 
applied  to  surface  integral  equations.  Based  on  appro¬ 
priately  modified  Legendre  polynomials,  the  new  basis 
functions  are  near-orthogonal  and  therefore  provide 
low  condition  numbers  of  the  MoM  matrix.  In  this  pa¬ 
per,  we  apply  the  new  higher-order  hierarchical  Legen¬ 
dre  basis  functions  to  volume  integral  equations.  The 
properties  of  the  newly  developed  higher-order  MoM 
solution  are  compared  to  existing  higher-order  formula¬ 
tions.  Numerical  examples  for  scattering  by  dielectric 
spheres  demonstrate  an  excellent  agreement  between 
results  of  our  higher-order  hierarchical  MoM  and  the 
Mie  series  analytical  solution.  A  very  low  condition 
number  of  the  MoM  matrix  allows  the  use  of  an  itera¬ 
tive  matrix  solver  even  for  high  expansion  orders.  The 
memory  requirements  of  the  higher-order  hierarchical 
MoM  are  compared  with  an  existing  multilevel  fast 
multipole  method  (MLFMM)  implementation  [2]. 
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Fig.  I .  Mapping  between  (u,v,w)  and  (x,y,z) 


2.  Higher-Order  Hierarchical  MoM 

The  discretization  of  an  electric  field  volume  integral 
equation  with  higher-order  MoM  involves  two  steps. 
First,  a  volumetric  dielectric  object  is  accurately  rep¬ 
resented  by  trilinear  and/or  curved  hexahedral  ele¬ 
ments,  which  are  defined  by  8  and  27  nodes, 
respectively.  Lagrange  interpolation  is  employed  to 
define  an  unique  mapping  between  a  cube  in  a  curvi¬ 
linear  coordinate  system  (u,v,w)  and  the  hexahedron 
in  the  physical  (  x,  y,  2  )  space,  see  Fig.  1.  The  dielec¬ 
tric  permittivity  inside  each  element  is  not  necessarily 
constant  but  may  vary  as  a  function  of  coordinates. 

Second,  the  unknown  electric  flux  density 
D(u,u,w)  in  each  local  curvilinear  (u.v,®)- 
coordinate  system  is  expanded  as 

D(«,v,w)  =  a„D''  +  a„D"  +  a„,D’'’,  (1) 

where  a„ ,  a,, ,  and  a„,  are  the  covariant  unitary  vec¬ 
tors.  Each  of  the  contravariant  components 
(D",D',D'')  of  D  are  expanded  in  terms  of  the 
higher-order  hierarchical  Legendre  basis  functions  [4] 
as 

,  AT"  Q( 

•^11  =0^=0 

+i>L,a  +  o]c?.p„iv)c^p,{0}  + 

j  A/'"  N-  Q< 

^  1/1=2  H  =09  =  0 

-Pv,-2iO\c?,P,.{v)c<p,(o}, 

where  are  (u,v,w),  (v,w,u),ot  {w,u,v).  In 

(2),  A  is  the  Jacobian  of  the  parametric  transforma¬ 
tion,  are  Legendre  polynomials,  and  b,i„^  are 

unknown  coefficients.  and  denote  the 

expansion  orders  along  the  three  parametric  direc¬ 
tions.  The  factors  Ci,C;i,  and  are  chosen  such 

that  the  Euclidean  norm  of  each  function  is  unity  for  a 
unit  cubic  element.  The  basis  functions  are  diver¬ 
gence-conforming,  i.e.,  they  satisfy  continuity  of  the 
normal  component  of  the  electric  flux  density  flowing 
through  a  face  shared  by  two  adjacent  elements.  De¬ 
spite  the  necessary  modifications  to  enforce  the  conti¬ 
nuity,  the  expansion  (2)  maintains  almost  perfect 
orthogonality  of  the  basis  functions. 


Due  to  the  hierarchical  property  of  the  basis  func¬ 
tions  the  expansion  order  can  be  selected  separately  in 
each  hexahedron  depending  on  the  electrical  size  of 
the  element.  This  allows  large  smooth  objects  to  be 
represented  by  rather  large  curvilinear  hexahedra  with 
high  expansion  orders  while  fine  parts  of  the  geome¬ 
try  are  precisely  modeled  by  small  hexahedral  ele¬ 
ments  with  low  expansion  orders.  In  this  way,  the 
number  of  unknowns  can  be  minimized  as  opposed  to 
low-order  discretization  schemes  (volume  RWG,  or 
rooftops)  that  require  small  elements  throughout  the 
mesh.  Furthermore,  independent  selection  of  the  ex¬ 
pansion  order  along  the  direction  of  the  electric  flux 
density  and  along  the  transverse  directions  provides 
additional  flexibility  to  the  discretization  technique. 
Consequently,  even  geometries  represented  by  ele¬ 
ments  that  are  far  from  cubic  in  shape,  for  instance 
thin  dielectric  shells  or  antenna  radomes,  can  be 
treated  in  an  efficient  manner  without  introducing 
unnecessary  unknowns. 

3.  Numerical  Results 

First,  consider  a  homogeneous  dielectric  sphere  with 
dielectric  constant  =  4.0 .  The  sphere  is  placed  at 
the  origin  of  a  rectangular  xyz  -coordinate  system  and 
illuminated  by  an  x  -polarized  plane  wave  propagating 
in  the  2  -direction.  The  size  of  the  sphere  is  =  2.0 
where  Aq  is  a  propagation  constant  in  free  space  and  a 
is  the  radius.  The  sphere  is  represented  with  32  hexahe¬ 
dral  elements,  both  trilinear  and  curved.  The  expansion 
order  is  varied  from  =  2  to  =  4  and  the 
resulting  number  of  unknowns,  root-mean-square 
(RMS)  error,  and  condition  number  of  the  MoM  matrix 
are  listed  in  Table  1.  Here,  the  RMS  error  is  computed 
for  the  bistatic  radar  cross  section  (RCS)  relative  to  an 
exact  analytical  solution  (the  Mie  series  expansion). 
The  RMS  error  is  defined  as 

"K, 

RMS=  - ,  (3) 

I  EkiftP 

I  i=l 

where  N„  is  the  number  of  sampling  points  (observa¬ 
tion  angles),  and  cryi/,>  are  the  MoM  and  the 

exact  RCS,  respectively.  The  results  are  obtained  by 
sampling  the  bistatic  RCS  at  181  angles  in  the  E-  and 
H-planes.  The  convergence  with  the  RMS  error  less 
than  1  %  was  achieved  with  =  3 .  A  further  in¬ 
crease  of  the  expansion  order  yields  a  small  improve¬ 
ment  which  probably  indicates  that  geometrical 
modelling  errors  are  dominating  for  =  4 . 

In  Table  1  the  2-norm  condition  numbers  for  our 
higher-order  Legendre  basis  functions  and  the  existing 
higher-order  power  basis  functions  [3]  are  compared.  It 
is  observed  that  the  higher-order  hierarchical  Legendre 
basis  functions  presented  here  provide  very  well- 
conditioned  MoM  matrix  system  for  all  expansion  or- 
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Table  1.  Results  for  the  homogeneous  sphere 


2 

3 

4 

816 

2700 

6336 

|RMS  error 

guitiBai 

84 

159 

346  1 

[3] 

1583 

ders.  However,  the  condition  numbers  for  the  power 
basis  functions  [3]  increase  rapidly,  approximately  two 
orders  of  magnitude  for  each  expansion  order. 

In  the  second  example,  a  spherical  shell  of  radius 
a  =  2Xq  and  thickness  0.2>\)  is  analyzed.  The  di¬ 
electric  constant  of  the  shell  is  €r  =  2.75  -  0.3 j .  In 
contrast  to  the  previous  example,  where  the  expansion 
order  was  fixed  for  all  hexahedra  in  all  directions,  the 
expansion  order  is  now  changed  depending  on  the 
electrical  size  of  each  element.  Thus,  the  expansion 
orders  are  chosen  to  be  =  4  for  the  components 
tangential  to  the  shell  surface  and  =  2  for  the 
radial  components.  In  total  96  curvilinear  hexahedral 
elements  are  used  to  represent  the  geometry  of  the 
shell.  The  solution  with  10752  unknowns  requires 
884  Mbytes  of  memory.  The  obtained  bistatic  RCS  is 
plotted  in  Fig,  2.  Excellent  agreement  with  the  corre¬ 
sponding  exact  result  is  observed. 

For  this  example,  the  MLFMM  analysis  with  first- 
order  basis  ftinctions  [2]  requires  24642  hexahedra, 
73962  unknowns,  and  2GBytes  of  memory  to  achieve 
the  same  accuracy.  Thus,  despite  the  higher  computa¬ 
tional  complexity  of  MoM  {0{N^))  in  comparison  to 
MLFMM  ( 0(iV  log  A^) ),  the  large  reduction  in  the 
number  of  unknowns  provided  by  the  higher-order 
technique  results  in  a  more  efficient  solution. 

As  an  example  of  an  inhomogeneous  dielectric  ob¬ 
ject,  we  consider  the  scattering  by  a  two-layer  dielec¬ 
tric  sphere  with  the  inner  radius  =  O.SAq  and  outer 
radius  a2  =  I.OAq.  The  dielectric  constant  and  con¬ 
ductivity  are  €ri  =4.0,  ctj  =  0.1  5/m,  and 
er2  =  2.0 ,  0*2  =  0.05  5  / m  for  the  inner  and  outer 
layer,  respectively.  56  hexahedral  elements  and 
maximum  expansion  order  =  4  are  used  in  the 


Fig.  2.  Bistatic  RCS  for  the  spherical  shell 


Fig,  3.  Bistatic  RCS  for  the  two-layer  sphere 


Fig.  4,  Dielectric  ogive 


Fig.  5.  Monostatic  RCS  for  the  dielectric  ogive 


solution.  In  Fig.  3,  the  bistatic  RCS  computed  with 
8640  unknowns  at  the  frequency  /  =  300  MHz  is 
compared  to  the  exact  Mie  series  solution.  Again, 
both  results  are  in  excellent  agreement. 

The  scattering  by  a  dielectric  ogive  (Fig.  4)  is  pre¬ 
sented  in  the  last  example.  The  ogive  is  made  of  ho¬ 
mogeneous  dielectric  with  dielectric  constant 
Sr  =4.0  —  0.  Ij ,  and  has  a  length  0.6  m  and  diameter 
0.3  m.  The  monostatic  RCS  computed  in  the  xz  -plane 
at  the  fi’equency  /  =  1  GHz  is  shown  in  Fig.  5. 
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Our  result  obtained  with  116  hexahedra!  elements, 
maximum  expansion  order  =  3,  and  6480  un¬ 
knowns  is  in  good  agreement  with  the  reference  [5], 
where  the  surface  integral  equation  technique  is  em¬ 
ployed. 

4.  Conclusion 

A  new  higher-order  discretization  scheme  for  volume 
integral  equation  is  presented.  The  technique  is  based 
on  higher-order  hierarchical  Legendre  basis  func¬ 
tions  [4]  for  expansion  of  the  electric  flux  density  and 
higher-order  geometry  modeling.  Improved  orthogo¬ 
nality  of  the  basis  functions  allows  the  condition 
number  of  the  resulting  MoM  matrix  to  be  reduced  by 
several  orders  of  magnitude  in  comparison  to  existing 
higher-order  hierarchical  basis  functions  and  conse¬ 
quently,  an  iterative  solver  can  be  applied  even  for 
high  expansion  orders.  Trilinear  (8-node)  and  curved 
(27-node)  hexahedra!  elements  are  used  for  accurate 
representation  of  dielectric  objects.  Numerical  exam¬ 
ples  for  scattering  by  a  dielectric  sphere  and  a  shell 
demonstrate  an  excellent  agreement  between  results 
of  our  higher-order  hierarchical  MoM  and  the  Mie 
series  analytical  solution.  It  is  shown  that  for  fairly 
large  scattering  problems  the  higher-order  hierarchical 
MoM  requires  mush  fewer  unknowns  and  less  com¬ 
puter  memory  than  low-order  MLFMM. 
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Abstract 

The  observed  issues  concern  provision  for  electromagnetic  compatibility  (EMC) 
of  a  receiving  and  a  transmitting  aperture  antennas  located  in  the  same  plane  with  the 
help  of  an  impedance  structure.  The  law  of  impedance  Z  distribution  is  found, 
which  provides  a  required  level  of  antennas  decoupling. 

Keywords:  Electromagnetic  compatibility,  decoupling. 


1.  Introduction 

One  of  the  most  effective  and  popular  ways  of  provid¬ 
ing  a  given  level  of  decoupling  between  near- 
omnidirectional  antennas,  which  are  located  on  the 
same  ideally  conducting  plane,  is  the  use  of  imped¬ 
ance  structures.  A  thick  grate  with  rectangular  riffles 
of  definite  depth  can  serve  as  a  physical  model  of 
these  structures.  At  present,  rather  the  great  number  of 
works  is  devoted  to  development  and  research  of  such 
structures  (for  example  [1]’[4]).  As  a  rule,  they  con¬ 
sider  the  influence  of  different  parameters  of  the 
structure  (or  their  combination)  on  the  degree  of  an¬ 
tennas  decoupling,  that  is  the  tasks  of  analysis  are 
solved.  For  effective  solution  of  the  task  of  electro¬ 
magnetic  compatibility  it  is  necessary  to  state  and 
solve  the  task  of  synthesis.  Probably  the  only  widely 
known  work  containing  a  solution  of  the  task  of  syn¬ 
thesis  of  decoupling  devices  is  the  book  [1],  where  as 
a  the  result  of  solving  with  a  number  of  limitations, 
the  law  of  purely  reactive  impedance  (reactance)  is 
obtained.  This  law  allows  the  faster  reduction  of  the 
field  along  the  geodesic  line  which  connects  antennas, 
than  the  one  with  the  ideally  conducting  surface. 

The  objective  of  this  work  is  solution  of  the  task  of 
synthesis  of  the  surface  impedance  and  research  of  the 
achieved  spatial  decoupling  of  antenna  devices  lo¬ 
cated  on  the  same  plane. 


Fig,  1. 


2.  Statement  of  the  Problem 

Let  us  consider  the  solution  of  two-dimensional  task 
in  the  following  statement.  Let  two  aperture  antennas 
shaped  as  open  ends  of  waveguides  (the  transmitting 
and  the  receiving  ones)  with  the  apertures  dimensions 
a ,  6  be  located  on  the  same  plane  at  the  distance  of 
L  from  each  other  (Fig.  1).  On  the  surface 

5i(a;  G[a,  a-f-L]),  which  separates  antennas,  the 
boundary  impedance  conditions  are  met: 

[n,E]  =  -Z[n[n,H]].  (1) 

It  is  required  to  define  the  distribution  law  of  pas¬ 
sive  impedance  Zcx)  (Re(Z)  >  0)  by  the  given 
law  of  magnetic  field  Hz  cx:>  alteration  on  the  surface 
Si ,  and  the  degree  of  decoupling  between  antennas. 

3.  Solution  of  the  Synthesis  Task 

For  the  quantitative  evaluation  of  decoupling  they  in¬ 
troduce  [1]  either  the  coefficient  of  antennas  coupling 

(2) 

where  P^ec ,  Ptr  are  signal  powers  at  the  outputs  of  the 
receiving  and  transmitting  antennas;  or  the  inverse  value 
-  the  coefficient  of  decoupling  =  - 10  log  ( Ffc )  • 

In  practice,  the  task  of  synthesis  [1]  is  solved^  as  a 
rule,  in  the  absence  of  the  second  antenna  -  by  the 
given  law  of  electromagnetic  field  attenuation,  while 
moving  away  from  the  source,  placing  further  the  re¬ 
ceiving  antenna  at  points  with  a  minimum  intensity  of 
the  “interfering”  field.  We  solve  the  task  of  synthesis  as 
in  [1],  for  a  single  transmitting  antenna  by  the  given 
alteration  of  the  entire  field  in  the  impedance  area 
X  G  [—a]a  +  L]  of  the  surface  /S' ,  but  without  impos¬ 
ing  the  condition  of  the  impedance  pure  reactivity. 
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^  Let  the  source  of  electromagnetic  field  be  an  infi¬ 
nite  thread  of  in-phase  magnetic  current  located  in  the 
beginning  of  coordinates  along  the  z  axis.  It  creates  a 
magnetic  field  with  the  intensity  of 

W  =  IA). 

Let  us  write  a  magnetic  field  on  the  section 
X  €  (— Z/,  L]  as  follows: 

H,{x)  =  2Hl{x)  e-“ 

where  a  is  the  attenuation  factor  of  (Re(a)  >  0) . 

Then  from  the  Laurence  lemma  we  will  obtain  the 
of  first  kind  Fredholm  integral  equation  related  to  the 
entire  field  E^(x) 

J  Ej.{x)E\^^'^  (k\x  -  x'\)dx' = 

-L  \^) 

=  2Hi<x^-H,{x), 

where  Hl^\k\x  -  x'|)  is  the  Hankel  function  of  the 
second  kind  of  zero  order  k  —  2t:  /  \, 

The  solution  of  the  integral  equation  (3)  is  obtained 
numerically,  with  the  Krylov-Bogolyubov  method. 


trace  1  ^ 

trace  2 


traces 
— —  trace  4 

Fig.  2. 


.  traces 

Fig.  3. 


As  an  example,  in  Fig.  2,  there  is  the  law  of  synthe¬ 
sized  impedance  distribution  for  the  values  of  attenua¬ 
tion  coefficient  a  =  0.125A;  (curves  1,3)  and 
a  =  0.25/:  (curves  2, 4)  with  the  length  of  imped¬ 
ance  structure  L  =  5\  .  Curves  1,2  correspond  to 
Re(Z),  and  curves  3, 4  -lm{Z) .  As  in  work  [1],  the 
obtained  results  showed  that  large  reduction  of  the 
field  is  accompanied  with  a  large  speed  of  impedance 
alteration.  However,  unlike  [1],  the  obtained  here  im¬ 
pedance  does  not  have  not  only  a  reactive  component 
(curves  3, 4),  but  also  an  active  (resistive)  component 
(Re(.?)  >  0)  (curves  1,2). 

4.  Solution  of  the  Analysis  Task 

The  analysis  task  is  solved  by  the  method  of  integral 
equations  (IE).  These  IE  are  obtained  with  the  use  of 
the  Laurence  lemma  in  the  integral  form  [3]  for  each 
ofthe  three  areas:  Vj,  Vj  (see  Fig.  1). 

In  order  to  evaluate  a  degree  of  the  influence  of  re¬ 
sistive  part  (Re(Z)  >  0)  of  impedance  Z(.x>  on  the 
attenuation  speed  of  the  field  along  the  impedance 
structure,  in  Figs.  3  and  4,  there  are  shown  laws  of 
distribution  of  H,(x)  related  to  the  field  H,a{x) 
above  the  ideally  conducting  plane  (H,{x)  /  H,o{x)), 
for  a  Q  =  0.125/:  and  a  =  0.25k  at  Re(i)  >  0 
(see.  Fig.  3)  and  at  Re(.^)  =  0  (see  Fig.  4). 

As  we  can  see,  the  presence  of  a  resistive  part  of 
impedance  not  only  makes  worse  the  level  of  decoup¬ 
ling  between  antennas  as  it  is  stated  in  [2],  but.  visa 
versa  increases  it  additionally  by  5..10  dB.  These  con¬ 
tradictions  are  probably  conditioned  by  different  laws 
of  impedance  distribution  obtained  in  this  work  and 
analyzed  in  [2]  (in  [2],  this  law  is  uniform).  The  re¬ 
sults  of  solution  of  the  synthesis  task  show  that  the 
greater  attenuation  of  the  field  is  reached  with  the 
greater  speed  of  impedance  growth  [1]  (generally  of 
its  capacitance  part)  (see  Fig.  2).  However,  the  speed 
of  impedance  growth  (steepness  of  the  curves  in 
Fig.  2)  can  not  be  made  endlessly  large  because  of 
construction  constrains  for  the  precision  of  structure 
manufacturing.  In  work  [1],  in  order  to  increase  the 
decoupling  (increase  the  speed  of  impedance  altera¬ 
tion),  there  is  proposed  to  substitute  the  monotone 
growing  impedance  by  its  several  periods. 

The  quantitative  research  have  shown  that  the  pres¬ 
ence  of  areas  with  a  zero  impedance  on  the  surface  5j 
leads  to  the  fast  growth  of  magnetic  field  H^{x) ,  like 
the  behavior  of  the  field  above  the  heterogeneous  ra¬ 
dio  line.  This  is  seen  from  Figs  3  and  4  in  the  areas 
with  X  >  L,  where  the  impedance  structure  ends  and 
the  conducting  surface  begins.  Similar  phenomena  are 
observed  in  all  areas,  where  the  values  of  reactance 
are  close  to  zero  or  are  positive  (0  <  Im  Z  <  21). 
Probably,  the  presence  of  a  receiving  aperture  antenna 
will  also  lead  to  the  undesirable  reduction  of  antennas 
decoupling  because  of  inhomogeneities  created  by  the 
aperture  receiving  antenna  itself 
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Fig.  4. 
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Fig.  6. 
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Fig.  7. 

In  Fig.  5,  there  is  the  law  of  complex  impedance 
distribution,  which  provides  falling  of  the  field  by  the 
law  (3)  at  a  =  0.5fc  for  antennas  in  the  form  of  open 
ends  of  the  waveguide  (see  Fig.  1)  with  aperture  di¬ 
mensions  a  =  b  -  0.2X  and  the  distance  between 
them  L  ~  \  .  Behind  the  receiving  antenna  on  the 
section,  which  equals  to  the  wave  length,  impedance 
covering  is  realized.  In  Fig.  5,  a  zero  impedance  cor¬ 
responds  to  the  location  of  antenna  apertures.  For  this 
geometry  of  antennas  arrangement,  in  Fig,  6,  there  are 
graphs  of  distribution  for  different  values  of  attenua¬ 
tion  coefficient  Hz{x)IHzq{x)  a  (of  impedance). 
Here  curve  1  corresponds  to  a  =  0.5A; ,  curve  2  to 
a  =  0.75/;;  and  curve  2  to  a  —  k ,  The  analysis  of 
the  calculation  results  shows  that  the  aperture  of  the 
receiving  antenna  significantly  (by  10..30dB)  raises 
the  level  of  the  entire  field  in  its'  aperture,  remaining 
practically  unchangeable  for  all  the  a  >  0.75k  , 

In  addition,  the  area  of  the  surface  behind  the  re¬ 
ceiving  antenna  practically  does  not  influence  on  the 
behavior  of  the  field  between  the  antennas.  Thus,  the 
fiirther  increase  of  antennas  decoupling  with  the  help 
of  impedance  synthesized  by  the  level  of  the  complete 
field  attenuation  without  taking  into  account  the  re¬ 
ceiving  antenna,  is  impossible.  It  is  possible  to  addi¬ 
tionally  increase  antennas  decoupling  by  means  of 
reducing  the  sizes  of  the  receiving  antenna  aperture 
(b).  In  Fig.  7,  there  are  graphs,  which  are  similar  to 
those  in  Fig.  6,  but  for  b  =  0.02 A .  As  we  can  see, 
this  measure  (reduction  of  the  aperture  heterogeneity) 
has  led  to  additional  reduction  of  the  field  by  10  dB. 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  119 


Essiben  Dikoundou  J.-R,  Yukhanov  Yuriy  V. 


It  could  be  expected  that  the  increase  of  decoupling 
between  antennas  can  be  achieved  by  means  of  di¬ 
rected  properties  of  the  transmitting  antenna  through 
the  increase  of  its  aperture  dimension  (dimension  a , 
see  Fig.  I).  However,  as  the  numerical  research 
showed,  the  growth  of  the  aperture  dimension  from 
a  =  0.2A  to  a  =  2.2A  did  not  lead  to  significant 
falling  of  the  field  in  the  aperture  of  the  receiving  an¬ 
tenna.  It  is  demonstrated  in  Fig.  8  for  the  task  parame¬ 
ters:  a  =  2.2A ,  b  =  0.2A,  L  =  X  and  Fig.  9  for 
a  =  4.2A ,  6  =  0.2A ,  Z,  =  A  .  In  both  cases  a  =  k. 

Further  research  have  shown  that  for  effective  re¬ 
duction  of  coupling  between  closely  located  aperture 
antennas  on  the  same  plane,  it  is  required  to  state  and 
solve  the  task  of  synthesis  of  the  surface  impedance 
taking  into  account  the  presence  of  the  receiving  an¬ 
tenna  aperture. 

5.  Conclusions 

Thus,  the  task  of  synthesis  of  impedance  structure  has 
been  solved.  The  structure  provides  the  faster  attenua¬ 
tion,  than  it  is  above  ideally  conducting  surface.  It  has 
been  shown  that  the  presence  of  a  resistive  component 
in  the  impedance  distribution  law  additionally  in¬ 
creases  the  degree  of  antennas  decoupling  by 
5..10dB.  It  has  been  shown  that  depending  on  the 
aperture  dimensions  of  the  receiving  antenna,  anten¬ 
nas  decoupling  with  the  help  of  synthesized  imped¬ 
ance  without  taking  into  account  the  receiving 
antenna,  can  not  exceed  -30. .-50  dB,  what  is  con¬ 
nected  with  the  inhomogeneities  caused  by  the  aper¬ 
ture  receiving  antenna  in  the  line  of  propagation  of  the 
wave  radiated  by  the  transmitting  antenna  along  the 
plane  where  antennas  are  located.  The  growth  of  the 
dimensions  of  the  aperture  transmitting  antenna  (the 
increase  of  its  directed  properties)  does  not  influence 
on  the  absolute  level  of  the  field  in  the  receiving  an¬ 
tenna  aperture.  In  this  case,  decoupling  grows  only  by 
means  of  the  increase  of  the  radiated  electromagnetic 
wave  power,  which  is  proportional  to  a ,  at  the  un¬ 
changeable  power  of  the  received  wave. 

Thus,  further  increase  of  decoupling  between  an¬ 
tennas  can  be  achieved  only  by  means  of  solving  the 
task  of  synthesis  of  the  impedance  surface  in  the  pres¬ 
ence  of  the  receiving  antenna. 

The  obtained  laws  of  impedance  distribution  can  be 
used  as  the  independent  solution  of  the  task  of  EMC 
provision,  as  well  as  the  first  step  in  further  optimiza¬ 
tion  of  the  structure  with  the  help  of  non-linear  pro¬ 
gramming  methods. 
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Fig.  8. 
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Abstract 

The  aim  of  synthesis  of  anisotropic  impedance  plane  reflecting  a  plane  uniform 
wave  in  a  given  direction  at  the  desired  polarization  is  solved.  The  distribution  of  the 
impedance  is  expressed  analytically  and  constitutes  a  periodic  structure.  The  restric¬ 
tions  on  the  class  of  the  allowable  scattering  patterns  are  formulated  for  the  reactive 
values  of  impedance.  The  reflection  coefficients  of  the  no  uniform  anisotropic  im¬ 
pedance  plane  are  obtained.  Numerical  results  are  demonstrated. 


The  aim  of  the  paper  is  to  receive  an  impedance  tensor 
and  reflection  coefficient  of  a  heterogeneous  anisot¬ 
ropic  impedance  plane  that  reflects  an  incident  elec¬ 
tromagnetic  v^ave  in  the  adjusted  direction  and  on  the 
required  polarization  in  analytically  closed  form. 

Let’s  consider  the  solution  of  the  next  problem. 
Suppose  the  flat  electromagnetic  wave  E*,  W  falls 

to  the  heterogeneous  anisotropic  impedance  plane  S 
with  impedance  tensor  Z  from  the  direction  . 

The  Leontovich  impedance  boundary  conditions 
are  carried  out  on  the  surface  S  (y  —  0): 

[n,E]  =-Z[n[n,H]].  (1) 

Let’s  consider  the  impedance  as  an  often  array  of 
the  orthogonal  impedance  strips  Ze,Zj^  focused  at 
angle  of  a  to  an  axis  z  (fig.  1,  It  is  necessary  to 
find  components  Z^^Zj^  and  a  of  Z  tensor  of  the 
passive  impedance  providing  the  adjusted  mode  of 
wave  reflection  from  the  surface  y  =  0  . 

Let’s  enter  the  local  coordinate  system  (see  Fig.  16)  with 
basis  vectors  v,  u,  n  (  n  =  [v,  u] ;  (v,  i)  =  cosa  ; 


(u,i  )  =:  sina ).  In  the  given  basis  the  impedance  ten¬ 
sor  Z  will  take  the  next  diagonal  form: 

(  Ze  0 

0  Zj^ 


z  = 


(2) 


where  =  -ZeH,,  ;  E„  =  ZmH,,  ;  v  and  u  are 
the  components  of  vectors  E  and  H  .  They  are  con¬ 
nected  by  the  next  ratios: 


sin  a  1 

rcosa 

'  M 

■  “  ' 

—  cos  a 

■E, 

+  ■ 

1 

1^  sin  a 

\  sin  a 

(cosa' 

.  =  ■ 

1 

—  cos  a 

-f  ^ 

sin  a 

H,. 


If  analytical  performance  of  a  required  field  ( E,  H ) 
is  known  for  y  >  0  the  required  distributive  law  of 
the  impedance  can  be  received  directly  from  boundaiy 
conditions. 

Further  let  E  vector  and  tensor  impedance  ele¬ 
ments  Zej  be  normalized  in  relation  to  charac¬ 


teristic  resistance  of  the  free  space  W  . 


y  A 


a) 


6) 


Fig.  1. 
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The  feasibility  of  the  passive  impedance  (2) 
>  0;  Re^A/  >  0)  assumes  the  following 

form: 

tS2a  <  <’> 

1  Re|ff,E. 

The  in  equations  (3)  are  the  conditions  of  a  physi¬ 
cal  reliability  of  the  passive  reflectors  class. 

Let’s  present  the  fields  in  the  form: 

Hz  =  E,  =  . 

When 

Hi  =  :  Hj.  =  , 

where  -  is  a  combination 

of  cosines  of  the  incident  and  reflection  angles. 

=  _1_  WJ.  ^  ^  .  1  d\E,\  1 
k\HA  dy  ’  ^  k\E,\  dy  \E,y 

As  a  result  the  in  equations  (3)  have  the  next  form: 

>  0;  (4) 

tg2a  <  2sj-iEiH  /(cosx(l  +  ^siH  +  ^h^e)  + 

+  sinx(«>£?// 

where  x  =  i>E  -  i>H  ■,  ^e^h  <  0 . 

Let’s  consider  the  most  practically  interesting  task- 
the  synthesis  of  passive  impedance.  In  this  case  the 
equations  (3),  (4)  and  (5)  become  equations. 

The  analysis  of  the  conditions  (5)  shows  that  the 
orientation  of  the  impedance  strips  on  the  surface  is 
the  function  of  coordinates  a(a;) .  Let’s  consider  the 
conditions  under  witch  an  angle  a  is  constant  for 
case  when  the  incident  and  the  reflective  waves  are 
flat  uniform  waves  =  0;  -  0).  In  this  case 

the  equation  (5)  has  the  following  kind: 

tgla  =  2 - - 

cosx(l  +  ^e^h) 

As  we  see  the  angle  a  becomes  a  constant  only  in 
the  next  three  cases: 

\  O 


1.  a  =  0.5arctg  |  2 ,  when  ^  =  0  ; 

I  1  J 

2.  »  when  .  It’s  the  case  of 

normal  angle  of  the  incident  and  reflected  waves; 

a  =  ^  ,  when  x  =  ±  %  for  any  values  of  and 

under  condition  ==  -0//  ±  ^ ,  i, 

e.  .  The  components  of  the  tensor  are  con¬ 

stants  for  this  case: 

Ze  =  “f;  Z^f  =  i . 

Let  the  incident  wave  be  H-polarized  (El  =  0 ): 


Let  the  reflected  field  be  the  flat  uniform  wave  as 
well  but  be  E-polarized  (HI  =0 ): 

cos +  y sill  V5f))^ 

where  Eq  =  |£'o(e*^^;  =  const;  y?o  -  the  angle 

of  reflection. 

Then  ^  —  k(xcosip^  +  ?/ sin  </?,  ); 

i’E  =  -k(xcos(pQ  -f  ysincpo)  +  =  sin^?,; 

=  “Sinv?o;  x  =  -00  -  kx{cosip,  +  cos(^o)* 

As  a  result  the  conditions  (4),  (5)  have  the  next 
form: 

sin  ipi  I  Hi  f  =  sin  \  K  f ;  (6) 


tg2a  =  2 


sin^Q 

cos  x(l  —  sin  (p^  sin  </?()) 


The  equation  (6)  is  the  energy  balance  equation.  Ac¬ 
cording  to  the  equation  (7)  the  angle  a  is  constant  only 
in  case  of  mirror  reflection  (cosi^,  4-cos<;^)  =0) 

X  -  00  =  %  .  In  this  case  a  is  equal  to  45®  . 

Thus,  the  impedance  structure  does  not  depend  on 
the  incident  direction  in  case  of  mirror  reflection  with 
plane-of-polarization  rotation  on  90®.  The  reflected 
and  incident  waves  meet  the  next  condition: 

E,  =  iJ^Hi. 

V  8111(^0 

Note,  realization  of  often  array  of  the  orthogonal 
impedance  strips  with  vaiy  orientation  is  a  very  com¬ 
plex  task.  Therefore,  let  the  angle  a  be  constant  and 
equal  to  45®  .  Then  the  condition  (3)  becomes: 

Re{H,E,  -H.,E,}  =  0.  (8) 

It  is  obvious  that  there  must  be  a  wave  with  the 
same  polarization  as  incident  wave  in  the  reflected 
field,  i.e. 

Under  the  equations  (6)  and  (8)  the  waves  ampli¬ 
tudes  are  meet  the  next  equations 

ir^x  _  siny^)  -- 1  i2sln<p^  • 

1  +  sm  ipi  sin  (fl)  1  +  sin  sin  ^ 

And  tensor’s  components  are: 

~  He  —  — r-^ — ctgx-  (9) 

sinyjQ  sin^) 

According  to  expressions  for  HU'  and  the  in¬ 
creasing  difference  between  incident  v’,  and  reflect¬ 
ing  angles  tp^  makes  the  efficiency  of  such  reactance 
structure  significantly  decrease 

_  sinyio  Ej  ^  _  4  sin  sin  <Pq 

sin^i  H\  (1 -h  siiKpi  siny^o)^  ’ 

This  result  shows  an  imperfection  of  widely  used 
polarizes  consisted  of  parallel  metal  filaments  system. 
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\F{<P)[  90 


a) 

Fig.  2. 

Reflection  coefficient. 

Let’s  consider  the  reflection  coefficient  of  the  sys¬ 
tem  „  (m,n  =  1,2) 

=  PnEi  +  P,,Hl ;  =  P^.El  +  P22HI .  (10) 

According  to  the  Maxwell’s  equations  and  equa¬ 
tions  (2)  —  (4)  „  are  the  next: 

Pii  =  [ZjsZm  sin  (pi  -  sin(/?o  + 

4-Z^(sin*^  a  sin  (pi  sin(pQ  —  cos^  a)  -f 

■j-Zjif(cos^  a  sin (pi  siiK^o  ”  sin^  a)]/  A; 

^22  =  [sin  (pi  —  ZeZm  sin  (pQ  + 

-\-Ze  (sin^  a  sin  (pi  sin  (pQ  —  cos^  a)  -h  (11) 

’^Zm{cos^  a  sin  Pi  sin  po  —  sin^  a)]  /  A; 

P12  —  sin  a  cos  Q:(sin  -h  siiK^o) 

x{Zff-ZE)IA] 

P2I  ~  ’”-^12? 

where 

A  =  sin (^0(1  +  ZeZh)  -h  Z^isin^  asin'^  Pq  + 

-hcos*^  a)  -f  Z;i^(cos’^  a  sin’^  p^  -h  sin^  a) 
Reflected  field.  The  reflected  field  is  shown  below: 

,  =Hi^\kr)F(<p),  (12) 

f  •PiifiCy’)  -PxbM] 

is  the  scattering  pattern  for  the  matched  polarization, 
and  ,  Fj_ff{p)  are  for  the  cross  polarization. 

According  to  (1 1),  (12)  the  scattering  matrix  F  is: 
k  ^ 

F{ip)  =  ^(siny^  +  siiK^i)  J 

—00 


b) 

where  (7  is  a  matrix  2x2,  which  consists  of  the  next 
elements: 

U12  =  —  sino;cosa(sin(^  -j-  sin^o)(^E  ^m)'^ 

+  (sin<^  -  sinp,){ZEZM  +  Z22  sinv?o); 
U22  P22A  +  (sin<^  -  sinv?j)(l  +  Z22  sini^o)  * 
Let’s  consider  the  case,  if  the  impedance  is  passive, 
i.e.  Ze  =  ~  • 

The  reflection  factor  Pn  must  be  equal  to  zero  to 
provide  the  full  reflection  of  E-polarized  wave  with 
the  necessary  polarization  rotation.  P22  must  be  equal 
to  zero  in  the  case  of  H-polarized  wave. 

At  that  the  tensor’s  components  Xe  ,  and  the 
angle  a  meet  the  next  conditions: 

Xm  =  -  sin  <Po,i  /  Xe  sin  ; 

■  2  8in¥>i_o(i^l  +  sin^o.i) 

^9  ^  —  •  /It  v'2  *2  \  ^ 

sm(i^o,Hl  +  sm  Pi^^) 

where  the  first  subscript  is  for  the  E-polarized  wave, 
and  the  next  is  for  the  H-polarized  wave. 

The  reflected  field  is  the  flat  wave  with  cross  po¬ 
larization  if 


where  ^  =  (1  +  sinpQ)ctg[kx(cospi  +  cos(/?o)] . 

Let’s  find  out  the  components  of  the  impedance 
tensor  from  the  (13). 

At  that  the  scattering  factors  of  the  finite  structure 
with  L  width  (are  not  taking  into  account  the  edge 
effect)  are 

(^)  =  0.25A:L(sin<^  —  siny?^)--^—  ;  (15) 

^  i 

(\±0.b  .  rr 

------  ■-  , 

sinyjoJ  ^0 

(16) 
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a) 

Fig.  3. 

where  F,  {ip)  is  scattering  factor  for  the  matched  po¬ 
larization;  Fi^{ip)  is  scattering  factor  for  the  cross 

polarization;  f/jo  =  —  kL {cos (p  ±  cos^io). 

According  to  the  formula  (15)  the  involved  struc¬ 
ture  is  equivalent  to  tiie  Kirgof  s  black  body. 

The  scattering  graphs  calculated  under  the  formulas 
(15),  (16)  are  shown  on  figures  2a, b.  Here  the  trace  1 
is  Fx  ,  trace  2  is  ,  i  =  5  A  ,  ¥>;  =  90" , 
(Po  =  30°  (Fig.  2a)  and  yj,  =  30°,  (p^  =  90° . 

There  are  the  same  graphs  on  the  figures  3a,b  for 
the  case  of  structure  with  fixed  orientation 
(a  =  45°). 

As  is  shown  in  the  case  of  fixed  angle  q  =  45° 
the  level  of  the  main  lobe  for  the  cross  polarization  is 


b) 


slightly  smaller  (on  -0.5  dB)  and  the  level  of  side  lobe 
for  the  match  polarization  is  greatly  higher  (upon  to 
-10  dB)  then  the  angle  isn’t  fixed. 

Thus  the  formula  for  the  tensor  of  anisotropic  im¬ 
pedance  witch  reflects  an  incident  electromagnetic 
wave  in  the  adjusted  direction  and  on  the  required 
(cross)  polarization  is  given  in  analytically  closed 
fom  (13),  (14).  The  obtained  scattering  factors  of 
anisotropic  impedance  plane  are  different  from  what 
are  known  for  a  homogeneous  plane.  The  restrictions  on 
the  class  of  the  allowable  scattering  patterns  are  formulated 
(3)-(7),  (8)  for  the  reactive  values  of  impedance. 

The  obtained  scattering  factors  can  be  used  while 
designing  of  complex  form  reflectors  in  approximate 
approaches  (e.g.  physical  optics  approximations). 
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Abstract 

The  scattering  parameters  of  waveguide-slot  radiators  and  coupling  elements  in 
the  presence  of  ohmic  losses  in  the  system  are  under  consideration.  The  problems  of 
accounting  dielectric  losses  and  waveguide  walls  finite  conductivity  are  solved  in  the 
cases  when  waveguides  or  slots  are  partially  or  fully  filled  with  a  lossy  dielectric  or 
are  empty.  The  cases  of  dielectric  slab  position  parallel  to  the  narrow  walls  of  a  rec¬ 
tangular  waveguide  and  broad  ones  are  considered.  The  questions  of  eigenwaves  or¬ 
thogonality  are  discussed,  the  behaviour  of  eigenvalues  of  dominant  wave  and  higher 
ones  is  studied.  The  ohmic  losses  of  energy  in  the  waveguide  region  containing  a  slot 
are  investigated. 


1.  Introduction 

Feeder  lines  with  dielectric  filling  are  used  in  pur¬ 
poses  of  devices  miniaturisation.  The  theory  of 
waveguide-slot  radiators  developed  mainly  under  as¬ 
sumptions  of  an  ideal  dielectric  and  infinitely  con¬ 
ducting  waveguide  walls.  The  slots  electrodynamic 
characteristics  in  the  presence  of  ohmic  losses  due  to 
the  dissipative  dielectric  and  finite  conductance  of 
waveguide  walls  were  not  studied  at  all.  The 
waveguides  dielectric  filling  may  be  full  or  partial. 
The  last  one  provides  the  additional  degrees  of  free¬ 
dom  for  the  controlling  the  devices  characteristics.  In 
this  paper  the  waveguide-slot  radiators  or  coupling 
elements  are  considered  with  accounting  losses  in  the 
dielectric,  which  fully  or  partially  fills  the  waveguide 
or  the  slot,  and  losses  in  the  imperfectly  conducting 
waveguide  walls.  It  is  important  to  emphasize  that  not 
only  the  dominant  wave  but  also  the  higher  ones  are 
responsible  for  energy  losses.  The  slots  scattering 


Fig.  1. 


characteristics  are  of  interest.  The  main  problems, 
which  had  to  be  solved,  were  as  follows: 

•  investigation  of  full  spectrum  of  eigenwaves  in  a 
waveguide  partially  filled  with  dissipative  dielec¬ 
tric; 

•  clearing  up  the  question  of  eigenwaves  orthogo¬ 
nality; 

•  solving  the  excitation  problems  for  slots  in  the 
waveguides  with  dissipative  dielectric  slabs  and 

•  for  slots,  partly  filled  with  dielectric; 

•  definition  of  energy  losses  in  the  vicinity  of  slot, 
caused  by  no  ideal  dielectric  and  waveguide  walls. 

2.  Eigenwaves. 

Two  types  of  a  waveguide  partial  dielectric  filling 
were  considered  (see  Fig.  1). 

The  eigenwaves  of  such  waveguides  are  the  LE- 
and  LM-modes  relating  the  plane  y^z  in  the  case  (a) 
and  x^z  in  the  case  (b).  The  dominant  waves  in  these 
cases  are  the  LEio-mode  (a)  and  LMironc  (b).  The 
complex  eigenvalues  of  these  modes  and  higher  ones 
can  be  found  from  the  corresponding  dispersion  equa¬ 
tions.  The  numerical  realisation  of  a  complex  value 
problem  for  the  structures  having  lossy  dielectric  is 
much  more  complicated  then  one  in  the  case  of  an 
ideal  dielectric.  The  power  damping  factor  2/i", 
where  h  =  h'  -  ih^'  is  a  complex  longitudinal  wave 
number  of  a  dominant  mode,  depends  on  permittivity 
e'  -  ie" ,  tg8  =  ,  geometrical  parameters  and 

operating  wavelength  A .  The  Napier  per  meter  values 
of  2/i"  ,  are  presented  in  Fig.  2(a)  and  Fig.  2(b)  for  the 
cases  (a)  and  (b). 
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Fig.  3. 

Here  Ac  is  a  cut-off  wavelength  of  the  dominant 
mode  when  tg<5  =  0.  The  data  in  Fig.  2(a)  are  ob¬ 
tained  for  £  =  16 ,  tg  5  =  10”*  and  various 
0^2 /a  =  0.05;  0.25;  0.5;  0.7;  1  (curves  1,  2,  3,  4,  5 
correspondingly),  in  Fig.  2(b)  —  for  the  same  tg^ 
but  £  =  5  and  bi/b  =  0.1;  0.3;  0.4;  1.0.  The  curves 


2h"  as  functions  of  A/A^  are  not  monotone.  It  is 
seen,  that  at  the  boundaries  of  operating  band  the 
damping  factor  increases  in  Fig.  2(a)  more  rapidly 
than  in  Fig.  2(b).  This  is  probably  because 
£  (fl)  >  £'(6)  and  the  operating  band  in  case  (a)  is 
sufficiently  larger  than  in  case  (b).  The  last  fact  is 
illustrated  in  Fig.  3,  where  the  differences  6A  be¬ 
tween  cut-off  wavelengths  of  a  dominant  mode  and 
nearest  higher  one  normalised  on  2o  are  presented 
(the  curves  1,2,3  correspond  to  e'  =  10,  16,  20, 
primed  figures  are  used  for  the  case  (b),  the  double 
primed  —  for  (a)). 

In  the  case  of  higher  modes,  denoted  with  indexes 
fj-,  v  it  is  reasonable  to  investigate  Re  =  hj,,, 
which  is  equal  to  zero  when  tg(5  =  0.  When 
tg^  =  10“’,  10"’,  10“'  it  occurred  enough  to  account 
the  number  of  highest  modes  r  =  7/^’  +  witch 

approximately  equals  1,  10,  25  correspondingly.  This 
assertion  is  valid  for  both  the  LE-  and  LM-w&ves 

3.  Peculiarities  of  Behaviour  of 
Dispersion  Equations  Far  Roots 

The  far  roots  of  dispersion  equations  for  LE-  and  LM- 
waves  behave  in  different  ways.  The  transverse  ei¬ 
genvalue  =  ^fc*£  -  of  high-order  LE- 

modes  tend  with  increasing —  fj.  and  i/  to  fiir/a  in 
(a)-case  and  to  ^tt  /6  in  (b)-case,  where  and  i/  are 
numbers  of  the  dispersion  equations  roots.  So,  starting 
with  n<.v>>  n^,  where  depends  on  a  concrete 

structure  one  can  use  j  a  or  a^,  =  vr/h 

instead  of  the  corresponding  root  of  the  dispersion 
equation.  Some  other  situation  takes  place  in  the  case 
of  LM-v/avts.  The  far  transverse  eigenvalues 
oscillate  around  the  straight  line  a^=i/Trfb  not 
approaching  asymptotically  to  it. 

In  Fig.  4,  the  solid  and  dotted  lines  show  the  behav- 
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iour  of  the  differences  (aj^^-uir/b)  and 
(a^'^  -lyTrfb)  depending  on  the  number  u ,  The 

similar  situation  is  observed  in  the  case  (a).  Such  be¬ 
haviour  of  LM-  transverse  eigenvalues  causes  compli¬ 
cations  in  the  process  of  determining  the  resonance 
length  of  a  slot  in  a  waveguide  partially  filled  with  di¬ 
electric.  It  was  discovered  some  peculiar  process  of 
numerical  results  convergence.  In  order  to  obtain  the 
stable  result  it  is  necessary  to  use  the  even  number  of 
“half-waves”  in  the  -dependence  as  a  function  of 
number  z/ .  When  the  quantity  of  terms  in  the  series  is 
very  large  and  the  “half-wave”  group  of  terms  does  not 
change  the  previous  result,  this  rule  may  be  neglected. 

4.  Orthogonality  Property  of 
Eigenwaves. 

It  is  known  that  there  are  two  aspects  of  orthogonality 
of  eigenwaves  in  a  waveguide  —  the  energetic  or¬ 
thogonality  and  the  mathematical  one  [1].  If 

and  the  electric  and  magnetic  fields 

of  /X  -  and  fi '  -  modes,  satisfy  the  equality 

f  [E'‘,W‘'*]z°dS  =  0  (1) 

J  s 

(z^  is  unit  vector  along  ^  -axis,  5  is  a  cross  section 
of  a  waveguide),  these  modes  are  energetically  or¬ 
thogonal.  If  the  equality 

f  [E>\H>^']z°dS  =  0  (2) 

Js 

(without  complex  conjugation  at  )  is  satisfied,  the 
mathematical  orthogonality  takes  place.  Both  kinds  of 
orthogonality  are  typical  for  eigenwaves  in 
waveguides  fully  filled  with  dielectric  both  ideal  and 
dissipative.  It  was  shown  that  in  waveguides  partially 
filled  with  dissipative  dielectric  only  the  energetic 
orthogonality  is  violated  for  the  eigenwaves  of  the 
same  type  but  various  roots  of  dispersion  equation. 
Both  energetic  and  mathematical  orthogonality  are 
always  saved  between  LE-  and  LM-modes. 


When  two  waves  are  not  orthogonal  their  resulting 
flux  of  energy  consists  of  sums  of  two  own  fluxes 
Pii  +  P22  fwo  mutual  ones  P12  +  P21  •  Th^  ^^st 
sum  changes  its  sign  along  z  -axis  (see  Fig.  6).  Due  to 
this  the  resulting  flux  of  energy  decreases  more  or  less 
rapidly  along  z  -axis.  It  means  that  dielectric  in  the 
waveguide  is  heated  inhomogeneously.  At  the  steep 
parts  of  the  line  representing  total  flux  it  is  heated 
more,  at  the  slanting  parts  —  less. 

Here  the  flux  P12  +  P21  is  presented  forLjE^io  and 
LE^q  -  waves  interaction  under  assumption  of  3-mode 
regime,  e'  =  16,  tg^  =  10“’^. 

5.  Slots  in  a  Waveguide  Partially 
Filled  with  Dielectric 

The  case  Fig.  1(b)  was  chosen  for  studying  electrody¬ 
namics  parameters  of  a  transverse  slot  in  a  broad 
waveguide  wall.  The  eigenwaves  method  was  used  for 
solving  the  excitation  problem.  The  electrical  length  of 
resonance  slot  2l/\es  was  analysed  when  dielectric 
slab  with  increasing  width  was  situated  under  a  slot 
(Fig.  5,  curve  1  for  b^ ),  on  the  opposite  wall  (curve  2  for 
63 )  and  when  the  slab  of  thickness  2  mm  was  shifted 
from  the  upper  wall  where  the  slot  is  cut  to  the  lower  one 
(curve  3).  It  is  seen  that  21  /  X,.es  diminishes  with  in- 
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Fig.  8. 


cr^easing  the  slab  width.  It  happens  veiy  quickly  when 
dielectric  is  near  the  slot  and  at  first  slowly  enough  and 
afterwards  quickly,  when  the  slab  is  against  the  opposite 
wall.  The  behaviour  of  radiation  coefficient  in  the  operat¬ 
ing  band  is  shown  in  Fig.  8  for  slots  of  length  21=16  mm 
and  21=10  mm  (primed  numbers).  The  numbers  1,2,3 
correspond  to  bl=2  mm,  4  mm,  6  mm  for  both  slots. 
These  results  are  obtained  for  the  case  of  an  ideal  dielec¬ 
tric  (tgS  =  0  ).  When  the  losses  appear  in  the  slab  situ¬ 
ated  near  a  slot  the  radiation  coefficient  noticeably 


diminishes  (Fig.  8,  curves  1',  2’,  3'  for  tg(5  =  0, 10"^  10"', 
21  =  16  mm,  6i  =  4  mm)  Curves  I",  2"  and  3"  show 
coefficient  of  losses  C  for  these  tgS.  When  the  same 
dielectric  slab  adjoins  to  the  opposite  wall  the  losses  with 
tg  6  =  10”*  practically  are  not  noticeable  (Fig.  9). 

The  maximum  (  observed  at  the  resonance  fre¬ 
quency  [2]. 

6.  Slots  Partly  Filled  with 
Dielectric 

In  slot  antenna  technique  sometimes  controlling  ele¬ 
ments  (for  example  p-Z-w-diodes)  are  put  into  a  slot. 
This  controlling  element  may  be  modelled  as  a  lossy 
dielectric  slab  in  the  slot.  It  is  interesting  to  know  how 
much  energy  is  spent  in  the  dielectric  slab. 

The  problem  of  two  waveguides  coupling  trough  a 
transverse  slot  with  dielectric  slab  has  been  solved.  The 
waveguides  were  supposed  to  be  rectangular,  the  slot 
was  cut  in  their  common  broad  wall.  Elements  of  scat¬ 
tering  matrix  of  the  given  coupling  element  were  calcu¬ 
lated  using  a  set  of  LE^q  -  functions  for  approximation 

the  field  in  the  slot.  It  has  been  shown  that  the  slot 
resonance  wavelength  in  the  presence  of  dielectric  slab 
is  shifted  to  a  more  long  wavelength  and  practically 
does  not  depend  on  tg6 .  Due  to  the  losses  in  dielectric 
some  part  of  energy  is  spent  on  its  heating.  The  ohmic 
losses  of  energy  ((^  —  /  Pj„)  increase  with  permit¬ 

tivity  s  .  The  character  of  this  change  is  complicated 
enough.  At  full  filling  slots  with  dielectric  having  vari¬ 
ous  £  and  choosing  slot  lengths  providing  the  reso¬ 
nance  at  the  same  frequency  we  have  the  following 
results  when  tgS  =  lO”* .  The  values  of  C  inside  the 
intervals  of  e  from  1  to  2, 2  to  5,  5  to  20  do  not  exceed 
values  0.7  %,  7%,  10  %.  It  is  seen  that  in  the  last  inter¬ 
val  the  growth  of  losses  is  slowing  down  because  with 
increasing  e  the  slot  length  diminishes  very  much.  The 
similar  dependence  of  as  function  of  e  is  saved  at 
the  partial  filling  of  the  slot  with  dielectric.  Under  con¬ 
dition  of  constant  slot  length  and  resonance  frequency 
with  increasing  e.  are  not  changed.  At  the  interval  e 
changing  from  2  to  5  in  spite  of  slab  size  decreasing  ^ 
is  growing  like  in  the  case  of  full  filling.  At  the  great  e 
the  slab  is  very  small  but  nevertheless  the  field  is  con¬ 
centrated  in  dielectric.  This  causes  increasing  of  ^  as 
by  the  full  slot  filling. 

At  the  simultaneous  variation  of  the  slot  length  and 
resonance  frequency  (when  the  slab  size  is  constant) 
the  level  of  losses  depends  on  the  degree  of  slot  filling 
with  dielectric.  The  higher  it  is  the  greater  are  losses. 

It  is  well  seen  in  Fig.  10  where  the  radiation  coeffi¬ 
cients  |Sj;|*  (curves  1,  2)  and  coefficient  of  losses  C 
(curves  3)  are  presented  for  e'  =  16 ,  slab  width 
1  mm.  Primed  and  double  primed  numbers  of  curves 
are  used  correspondingly  for  the  slots  of  length 
21  =  10  mm  and  21  =  17  mm.  The  curves  1,  2  are 
used  for  the  ideal  (1)  and  lossy  (2)  dielectric.  It  is  seen 
that  losses  shown  in  Fig.  10,  calculated  for 
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tgS  =  10”*^  at  the  resonance  frequencies  have  the 
level  about  ^  —  7  %  for  the  slot  21  =  10  mm  and 
(  =  2,5  %  for  the  slot  2Z  =  17  mm  (curves  3).  Here 
the  mode  LEio  in  the  slot  is  resonance. 

The  frequency  characteristics  of  radiation  and  loss 
coefficients  when  LE^o-mode  is  resonance  are  shown 
in  Fig.  1 1 .  Here  the  slot  is  almost  fully  filled  with 
dielectric  (nearly  0,7  of  its  length)  It  is  seen  that  the 
level  of  losses  is  much  higher  here.  Even  at 
tg^  =  10"’^  they  are  noticeable  (C  =  7,5  %  at  reso¬ 
nance).  When  tg  5  =  10“^ ,  we  have  ^  =  25  % 
whereas  15^  f  is  less  than  15  %.  The  bands  of  radia¬ 
tion  in  these  cases  are  very  narrow.  Thus,  it  means 
that  if  super-narrow  high  quality  radiation  band 
( C  ^  1  %)  is  needed  (which  can  be  obtained  at  reso¬ 
nance  of  the  third  harmonic  [3])  it  is  necessary  to  use 
a  super  high-quality  dielectric  with  tgS  <  10”® . 

7.  Ohmic  Losses  in  a  Waveguide 
Walls  Near  a  Slot 

Losses  of  power  in  waveguide  walls  due  to  their  finite 
conductance  were  calculated  in  the  region  of  longitu¬ 
dinal  slot  cut  in  the  broad  wall  of  a  rectangular 
waveguide,  excited  with  a  wave  //lo-  The  expressions 
for  the  field  excited  by  the  slot  were  modified  using 
the  complex  longitudinal  wave  number  according  to 
[4].  The  electric  field  inside  a  skin-layer  was  found 
using  the  approximate  Leontovich  boundary  condi¬ 
tions.  The  problem  was  solved  using  the  approach  of 
approximation  the  field  in  the  slot  with  the  function 
V cos{'jTu / 21) / d ,  where  tx  is  a  coordinate  along  the 
slot  counted  off  its  center,  V  is  an  amplitude  coeffi¬ 
cient  having  a  sense  of  the  voltage  between  slot  edges 
where  u  =  0^  d  and  21  are  the  width  and  the  length 
of  the  slot.  The  finite  thickness  of  the  waveguide  wall 
was  taken  into  account.  The  power  lost  in  the  copper 
walls  of  a  waveguide  with  cross  section  23  x  10  mm 
at  scattering  dominant  mode  field  by  slots  of  length 
13,  16  and  19  mm  is  represented  in  Fig.  12  (the 
curves  1, 2,  3  correspondingly). 

Here  the  ratio  C  =  P\oss  /  ^lo  is  shown  in  the  oper¬ 
ating  band  of  the  waveguide.  It  is  seen  that  the  losses 
increase  at  resonance  frequencies  of  slots  and  near 
cut-off  wavelength.  These  losses  are  appreciably 
greater  than  ones  in  the  waveguide  without  a  slot 
(curve  4).  In  systems  having  many  slots  these  losses 
have  to  be  taken  into  account. 

8.  Conclusion 

As  a  result  of  investigations  carried  out  it  was  shown 
the  following.  In  a  waveguide  filled  with  layered 
lossy  dielectric  the  orthogonality  of  eigenwaves  is 
violated.  In  multimode  regime  it  leads  to  an  inhomo¬ 
geneous  dielectric  heating  along  the  waveguide  axis. 
If  tg^  <  10"^  this  effect  may  be  neglected.  In  the 
presence  of  inhomogeneities  losses  of  energy  grow 
due  to  higher-order  modes.  They  grow  with  permittiv¬ 
ity  6  and  with  nearing  dielectric  layer  to  the  slot. 
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Fig.  11. 


Losses  in  controlling  elements  put  into  radiating  slot 
are  much  greater  than  ones  in  a  waveguide  filled  with 
imperfect  dielectric.  Here  tgS  =  10“^  in  the  case  of 
e  >  10  may  cause  losses  up  to  25  %  of  incident  wave 
power  if  the  slot  is  resonance  at  the  third  harmonic  of 
distribution  function  of  field  in  it.  The  losses  due  to 
the  waveguide  walls  imperfect  conductance  are  no¬ 
ticeable  as  well  at  the  slot  resonance  frequency. 
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Abstract 

The  basic  principles  of  space-borne  two  dimensional  synthetic  aperture  micro- 
wave  polarimetric  interferometer  function  are  considered.  The  main  advantages  of 
these  systems  over  the  well-known  systems  ESMR,  SMMR  and  SSM/I  are:  a  high 
rate  of  the  observation  scene  image  construction;  the  fine  angular  resolution:  besides, 
they  have  no  movable  onboard  construction  elements  on  the  spacecraft  board,  like  the 
scanning  antenna,  and  etc.  The  advantages  of  the  synthetic  aperture  systems  with 
hexagonally  sampled  interferometric  radiometers  arc  discussed. 

Keywords:  microwave  emission;  antenna  configuration;  synthetic  aperture;  spacecraft 
visibility  function;  angular  resolution;  radiometric  sensitivity. 


1.  Introduction 

The  Earth  both  atmosphere  and  surface  microwave 
emission  Stokes  vector  measurements  require  both  a 
high  spatial  resolution  sources  emission  and  a  high 
radiorneter  receiver  sensitivity  [1].  A  continuous  pro¬ 
gress  in  the  digital  signal  processing  device  technol¬ 
ogy,  as  well  as  in  the  radiometric  signal  processing, 
allows  one  to  hope  that  the  combination  of  high  sensi¬ 
tive  polarimetric  millimeter-wave  radiometers  and  the 
techniques  of  digital  synthesis  two-dimensional  aper¬ 
ture  does  provide  both  the  space  and  radiometric  reso¬ 
lution  of  the  microwave  sources.  The  microwave 
image  of  precipitation  is  obtained  by  means  of  the  2-D 
inverse  Fourier  transformation  visibility  function 
samples  measured  with  the  interferometer.  The  prob¬ 
lems  of  a  similar  type  in  radio  astronomy  are  solved 
successfully  since  long  ago  with  the  multi-element 
interferometers  and  the  Earth  rotation  [2-4].  However, 
the  observations  of  the  Earth  surface  from  satellites 
are  characterized  by  much  shorter  integration  time 
than  in  radio  astronomy.  Besides,  it  is  not  desirable  to 
have  movable  onboard  construction  elements  on  a 
spacecraft  board,  like  the  scanning  antenna,  and  etc. 

Our  aim  is  to  show  for  some  exemplary  interfer¬ 
ometer  configurations,  that  the  digital  synthesis  of 
two-dimensional  aperture  based  on  the  modem  signal 
processing  technology  allow  one  to  provide  both  the 
space  and  the  radiometry  resolution  of  the  microwave 
emission  sources,  which  is  necessaiy  for  the  solution 
of  remote  sensing  current  problems  in  the  parameter 
determination  of  precipitation,  sea  surface  state  and 
the  ground  cover  by  the  observations  from  spacecraft. 


2.  The  BASIC  PRINCIPLES  OF  A  SPACE- 
BORNE  RADIOMETRIC  INTERFEROMETER 
OPERATION 

Let  us  assume  that  B  is  the  base  line;  s(<)  is  the 

phase  center  position,  b  is  the  projection  of  B  on  the 
perpendicular  to  s(t)  plane;  a  is  an  elementary 
square  position  vector  on  the  ground  within  the  foot¬ 
print;  rj  is  the  irradiator  response  function  of  the  ar¬ 
ray  element  y;  E,E,,  are  the  complex  electric  field 
strength  vectors  of  the  polarized  and  unpolarized  part 
of  the  receiving  wave,  respectively;  ej,e  are  the  el¬ 
lipsis  angles  and  are  the  orientation  angles  of 

thisy-th  irradiator  and  the  incident  wave,  respectively. 

Then  the  polarimetric  radiometry  correlator  re¬ 
sponse  to  a  distributed  source  is  [2]; 

R(t)  =  exp[y2rr(S5(0)]F(e,,,,£,,,V>,,„4,«,,„t;„),(l) 
where  the  visibility  function  is  as 

I 1  V’m  i  i  u„, ,  ti„ )  =  f  d(T  exp[y27r6  ff\  X 

-  _  (2) 

xTj3{a,b,e,e„,i>,’4)„), 

and  the  vector  of  a  brightness  temperature 
2/? tb ^ £jfj , , tpji )  oc 

(3) 

The  problem  of  synthetic  aperture  polarimetric  in- 
terferometiy  is  the  retrieval  of  the  surface  distribution 

Tjj{S,...)  from  the  measured  up  values  of  U(...)  by 
means  of  resolution  of  the  inverse  problem  for  (2).  In 
equations  (2,3)  f {}{...)  is  a  combination  of  the  bright- 
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brightness  temperature  Stokes  vector  components  [5] 

{  Tj,Tq,Tu,Tv  }. 

On  the  other  hand,  in  accordance  with  the  Van  Cittert- 
Zemike  theorem  [3],  the  visibility  function  samples 

are  the  2-D  Fourier  transform  of  the  bright¬ 
ness  temperature  vector  variations  (where  the 

direction  cosine  with  respect  to  x,  y  axes 
=  (sill  ^  cos  sin  sin  0) )  within  the  image,  it 
is  found  as  the  complex  cross  correlation  between  the 
analytic  signals  from  two  antennas  and  Sj^{t)). 

Let  us  assume  here  that  the  angle  brackets  {}  denote 
time  averages  (an  ergodic  process  is  assumed), 

,  Kji  are  constants  depending  on  the  properties  of  the 
corresponding  receiver  chain,  the  normalized  baseline 
coordinates  {u,v)  =  {D._^^Dy)/ \  AD  =  ^  Au  “ 

is  the  difference  of  distances  from  the  two  antennas  to  a 
point  in  direction  (^,</>),  t^^^^{AD/c)  is  a  function  that 
describes  the  effect  on  the  correlation  when  the  differ¬ 
ence  in  time  between  the  signals  is  large,  in  radio  astron¬ 
omy  it  is  called  “delay”,  “bandwidth  pattern”,  or  “fringe¬ 
washing  function”,  and  it  depends  on  the  receivers  band¬ 
pass  voltage  transfer  functions  (/) ,  (/)  [3] : 

rU^D/c)  =  -  DHn  *  (/  -  /,)], 

where  is  the  center  frequency.  For  a  rectangular  shape 
filter  response,  (AD  /  c)  =  sin  c(7rA/  •  AZ)  /  c) , 
where  A/  is  the  receiver  frequency  bandwidth.  The 
antenna  pattern  FJ„(^,77),F5,(^,77)  includes  the  ampli¬ 
tude  and  phase  ripples,  that  may  differ  from  one  an¬ 
tenna  to  another, 

ADjX  ^  u  sin  B  cos  (j)  +  v  sin  0  sin  </>,  (4) 

where  A  is  the  wavelength, 

1  ^nn  )  2  ^{.^111  {f)^n  (0  }  ” 

is  the  so-called  «modified  brightness  tempera¬ 
ture  vector)).  An  estimation  of  the  modified  brightness 
temperature  vector  is  obtained  by  means  of  the  inverse 
Fourier  transform  of  the  product  of  the  visibility  func¬ 
tion  and  the  weighing  function  W(u,v)  [6,7]: 

(7) 

xexp[/27r(u,„„^  +  v,,,,,??)]. 

A  is  a  pixel  area  in  the  (w,  v)  plane. 

3,  The  choice  of  the  antenna 

CONFIGURATION 

Mutual  disposition  of  individual  antenna  within  an¬ 
tenna  configuration  must  provide  whole  and  regular 
cover  of  (u^v)  -plane,  to  synthesis  maximal  symmet¬ 


ric  synthetic  aperture  pattern.  For  example,  «+))  - 
shape  configuration  make  sure  whole  cover  of  square 
(u^  v)  -plane.  Another  example  is  a  “  T  ’’-shape  con¬ 
figuration  where  one  of  the  cross  arms  is  absent, 
therefore  it  fills  in  only  half  (u,v)  -plane,  but  that  is 
enough,  due  to  the  symmetry  property  (I’Hermite 
condition)  of  the  visibility  function 

V{u,v)  =  V  ^  {-u,-v) ,  (8) 

It  is  shown  in  [3],  there  is  simple  antenna  configuration 
which  is  formed  by  three  equal  length  arms  which  have 
one  common  point  and  the  equal  angles  between  them. 
Besides,  minimal  abundance  “T ’-shape  individual  an¬ 
tenna  configuration  possesses  valuable  qualities.  For  ex¬ 
ample,  synthetic  beam  width  (angular  resolution)  is  just 
the  same  for  its  different  cross-sections  of  the  beam.  The 
shape  of  (u^v)  -  plane,  covered  by  such  configuration  is 
hexagon,  it  is  particularly  important  for  the  processing, 
because  one  can  cover  the  total  spatial  frequency  (u,v)  - 
plane  by  hexagonal  cells  without  gaps.  In  die  processing, 
due  to  property  (8),  it  is  enough  to  consider  half  (u^v)  - 
plane  only.  “7 ’’-shape  configuration  is  a  simplest  one, 
but  not  single.  Examples  of  another  synthetic  aperture 
configurations  with  the  total  covering  of  hexagonal  do¬ 
main  within  {%v)  -  plane  are  presented  in  [8].  It  is 
shown  that  such  a  configuration  is,  for  example,  hexagon 
with  the  equal  length  of  the  sides  g  +  l  (^>2),  five  (of 
six)  sides  of  it  being  filled  by  individual  antenna,  distrib¬ 
uted  equidistantly  with  distance  z  .  In  this  case  hexagonal 
spatial  frequency  domain  of  radius  2q  is  covered.  The 
number  of  individual  antennas  in  this  configuration  is 
AT  =  5g  +  1 ,  and  the  number  of  points  within  half  base¬ 
line  domain  is  =  Sq(2q  -f  1).  The  synthetic  beam 
shape  in  this  case  is  determined  by 

<[>(/, m)  =  cos { (27r / A) [ lDu{n)  +  mDv{n)]},  (9) 

n=l 

where  A  is  the  wavelength;  I  =  sin  ^  sin  9?, 
m  =  sin  ^  cos  (p  ;  0  is  the  angle  with  the  interferometer 
plane  normal;  cp  -  azimuth;  Du  and  Dv  are  the  base 
projection  to  spatial  frequency  axes  u  and  v .  Let 
a  =  2qz  is  the  hexagon  side  length  within  (w,  v)  plane, 
(  =  ttTrZy/A ,  T]  =  aTrmJX ,  then  expression  for  synthetic 

beam  shape  transformed  to  the  following  form 

rf)  =  (^  cos  ^  cos (>7377)  —  \fSri  sin  ^  x 

(10) 

xsin(V3rj)  -  ^c»s(2^))/[l2^(^2  -  37?^)], 

This  configuration  antenna  pattern  is  close  to  an¬ 
tenna  pattern  of  continue  circular  aperture  of  “aver¬ 
age”  radius  =  (1  +  V3  /  2)qz  : 

(11) 

where  Ji  is  the  first  order  Bessel  function.  Eqs.  (10) 
and  (11)  are  distinguished  only  by  side  lobes.  The 
main  beam  of  circular  aperture  is  close  to  hexagonal 
interferometer  main  beam. 
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The  considered  hexagonal  configuration  of  indi¬ 
vidual  antenna  isn’t  the  most  effective.  If  some  of 
antennas  are  transferred  within  inner  domain  of  con¬ 
figuration  then  their  number  can  be  reduced.  It  is  sug¬ 
gested  to  estimate  the  configuration  efficiency  by  a 
parameter,  which  equal  to  relation  base  quantity  [8]: 

•^uinx  =  2.5g(5g  -I- 1),  (12) 

3  =  =  0.48[l-(-0.3/(7-t- 0(9-2)], (13) 

The  3  value  of  this  configuration  changes  from  0.545 
at  9  =  2  to  0.48  at  large  q .  However  if  hexagon  sides 
with  length  2q  are  filled  through  one  by  three  antennas, 
and  one  of  antennas  is  placed  in  center,  then  this  antenna 
configuration  a  =0.667,  and  the  total  number  of  indi¬ 
vidual  antennas  is  equal  10.  It  is  possible  to  construct 
hexagonal  configuration  with  more  value  of  a.  From 
geometry  it  is  known  that  if  number  of  polygon  sides  is 
more  than  6,  it  is  impossible  to  cover  plane  without  gaps. 
Consequently  there  are  no  configurations  of  more  degree 
symmetiy  than  hexagonal,  which  provide  regular  (equi¬ 
distant)  points  accommodation  within  (u,  v)  plane.  Con¬ 
figuration  of  individual  antenna  determines  the  necessary 
number  of  correlators  for  synthetic  aperture.  Thus  in  this 
case  one  can  see  advantages  of  hexagonal  configuration, 
too.  For  example,  abovementioned  10-elements  configu¬ 
ration  with  9  =2,  3  —  0.667,  which  allow  to  measure 
30  spatial  harmonics,  allows  to  have  5  correlators. 

4.  The  advantages  of  a  hexagonal 

GRID 

Hexagonal  samples  produced  by  the  hexagonal  configu¬ 
ration  of  antenna  comparably  reduce  both  the  computer 
memoiy  volume  and  the  number  of  arithmetic  operations 
in  computer  processing  of  visibility  samples.  Other  ad¬ 
vantages  of  a  hexagonal  grid,  in  comparison  with  a  rec¬ 
tangular  one,  are  that  in  each  record  point  of  hexagonal 
lattice,  there  are  six  equidistant  neighbouring  points. 
Additional,  it  is  shown  [9],  the  hexagonal  2-D  discrete 
fast  Fourier  transform  (DFFT)  may  be  determined  and 
realized  more  effectively  than  the  rectangular  DFFT, 
because  it  needs  25%  less  operational  memory  volume 
and  together  with  Rivard  2-D  gives  25%  economy  in 
calculation  time,  too. 

Thus  antenna  hexagonal  configurations,  for  exam¬ 
ple,  “V”-,  or  “A”-  shaped,  in  synthetic  aper¬ 
ture  systems  are  optimal  in  construction  sense  and 
adequate  optimal  algorithms  of  measurement  informa¬ 
tion  massive  processing  are  provided. 

5.  The  operation  peculiarities 

It  can  be  shown  that  the  interferometer  observation 
scene  radius  is  limited  by  the  relationship 

rr  <  (14) 

where  H  (km)  is  altitude  of  spacecraft,  and 
A/  (GHz),  (m)  is  array  maximal  baseline 
value.  The  individual  antenna  size  d  in  mm  (like  A)  is 
determined  by  the  condition 


(A/d)B>r;..  (15) 

For  the  integration  time  t  (sec)  we  obtain 

(16) 

where  is  the  speed  of  satellite  over  ground  (equal 
7.2  km/s)  and  m  is  the  number  of  polarization  measure¬ 
ments  conducted  during  the  observation  time  of  the  scene. 


6.  The  angular  resolution 

In  order  to  estimate  the  angular  resolution  of  a  syn¬ 
thetic  aperture  radiometer  the  ideal  system  array  fac¬ 
tor  is  introduced  (or  impulse  response  to  the  point 
source,  that  is  point  spread  function)  AF^{^,7])  [6,7] 

AF^{(  -  -  7]^)  =  JJ^W{u,v)exp{j^)dxidv  ,(17) 

3>  =  27r[w(^  -  (')  -h  v(ri  -  7]% 

=  K' +  V)//r-  ^  ^ 


An  estimation  of  the  modified  brightness  tempera¬ 
ture  vector  is  given  by  [6,7] 

Angular  resolution  depends  on  frequency  band¬ 
width  [7] 


(20) 


where  IF  =  A///, ,  Aa%^n  is  the  3  dB  bandwidth. 

As  a  first  approximation  of  Aa^^^ ,  we  can  use  ex¬ 
pression  from  [10] 

^®-3rfc  =  A  /  B,„„x .  (21) 

The  relationship  for  the  pixel  size  is 

=  Ai//(B,.,„„cos0).  (22) 

From  this  equation  one  can  calculate  the  value  of 
Annx  » we  assume  that  the  other  values  are  known. 


7.  The  radiometric  sensitivity 


If  At  is  radiometric  sensitivity;  and  -1-  Tyj 

is  the  total  «system»  noise,  where  Ta,Tj{  are  the  an¬ 
tenna  temperature  and  the  receiver’s  noise  tempera¬ 
ture,  then  [11] 


AT  = 


•■sys 


1  A, 


{2Af.T,fffr^N,  A 


(23) 


A^i,2  is  a  number  of  independent  baselines,  and  is 
the  effective  integration  time,  is  the  effective 


area  of  the  synthesized  beam,  and  the  product  N^A  is 
the  effective  area  of  the  antennas  actually  used  in  the 
array.  Let  us  assume  that  L  is  the  length  of  each  arm 
of  «T»,  «+»  and  «T»  arrays,  and  d  is  the  width  of  arm 
(dimension  of  the  individual  antennas  in  the  array). 
Taking  into  account  also  the  possibility  to  improve  the 
sensitivity  by  averaging  pixels  [11],  we  consider  the 
attainable  sensitivity  of  these  type  antennas  at  wave¬ 
length  A  =  22,5  mm,  8,6  mm,  and  3,3  mm.  For  «T»- 
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Table.  1.  Some  calculated  interferometer  parame¬ 
ter  values. 


X,  mm 

22.5 

8.6 

p_L,m 

850 

300 

100 

A/;  GHz 

0.113 

0.105 

0.091 

3.73E8 

3.47E8 

3E8 

■^niax  5  ^ 

14.97 

16.22 

18.67 

d,  m 

0.18 

0.0688 

0.0264 

arrays  ~  l}^A  —  =  Lj d)  with  the 

pixel  averaging  [1 1]  we  obtain: 

T 

AT  = 


,  (£)1/2 

and  for  «+»  cross-shape  arrays  (  =  I? 

L 


Nh  - 


A  —  — d  , 


)  and  ‘T’-shape  arrays 


(24) 
A  =  d^ 


9^ 

2d? 


N'u  =  with  the  pixel  averaging 


the  same  expression  with  factor  V2  is  true  as  well 
for  the  «T»-shape  arrays. 

If  we  assume  the  following  parameters:  satellite  al¬ 
titude  H  =  400  km,  angle  of  observation  6  —  45°, 
radius  of  observed  scene  —  50  km,  number  of 
polarization  measurements  m  =  3 ,  system  noise 
temperature  7^.,y,=1000  K,  then  we  obtain  from  (16) 

r  -3.3  s.  Then  if  we  would  demand  for  the  pixel  size 
we  obtain  the  values  of  A/,  d,  for 

each  wavelength  presented  in  tables  1  and  2. 

One  can  see  from  eqs.  (14),  (22),  (23)  that 
ATocH/L,  AfocH/L,  oc  HfL,  if 
Tc  =  const ,  therefore  it  is  possible  to  improve  sensi¬ 
tivity  Arby  making  worse  the  spatial  resolution  . 


8.  Conclusion 

Here,  a  theoretical  base  is  built  for  the  interpretation  of  the 
measurement  results,  which  uses  the  generalized  Van  Cit- 
tert-Zemike  theorem.  In  accordance  with  this  theorem,  the 
visibility  function  samples  Vj^niu^v)  are  the  2-D_^Fourier 
transform  of  the  brightness  temperature  vector  7^  (^,77) 
variations  within  the  image.  Tlie  visibility  function  is 
found  as  the  complex  cross  correlation  between  the  ana¬ 
lytic  signals  from  two  antennas.  The  microwave  image  of 
spatial  distribution  of  sources  emission  is  obtained  by 
means  of  the  two-dimensional  inverse  Fourier  transforma¬ 
tion  of  the  visibility  function  samples,  measured  with  in¬ 
terferometer. 

The  optimal  configurations  of  individual  antenna, 
which  allow  to  cover  (u,  v)  plane  by  minimal  abundance 
number  of  the  visibility  function  samples,  without  over¬ 
lapping  in  a  best  way,  are  produced.  These  antenna  con¬ 
figurations  divide  spatial  frequency  plane  by  hexagonal 
cells.  It  gives  a  chance  to  obtain  the  maximal  symmetrical 
synthesized  beam  with  the  minimal  level  of  side  lobes 
after  a  computer  processing. 


Table  2.  Comparison  of  the  sensitivity,  calculated 
for  several  types  of  radiometers. 


Array 

X,  mm 

22.5 

8.6 

«T» 

L,  m 

10.6 

11.47 

13.2 

«T» 

At,  k 

0.28 

0.49 

0.91 

«+» 

L,  m 

7.5 

8 

9.3 

«+» 

At,  k 

0.33 

0.58 

1.09 

«Y» 

L,  m 

8.6 

9.4 

10.8 

«Y» 

At,  k 

0.358 

0.628 

1.1 

Synthetic  aperture  interferometer  radiometric  resolution 
may  be  improved  by  the  computer  processing,  for  exam¬ 
ple,  with  method  of  averaging  pixels,  or  by  receiver  fre¬ 
quency  bandwidth  expansion. 

For  die  computer  processing  of  the  hexagonal  visibility 
samples,  Revard’s  method  2-D  DFFT  (discrete  fast  Fourier 
transform)  can  be  used.  It  allows  one  to  reduce  both  die  time 
of  calculations  and  die  necessary  volume  of  computer 
memoiy  considerably,  due  to  the  hexagonally  sampled  grid. 

The  results  of  the  synthetic  aperture  microwave  po- 
larimetric  interferometer  parameter  estimations  show  ftat 
it  is  possible  to  measure  from  space  the  first  three  Stokes 
vector  components  of  sea  and  land  microwave  emission 
with  a  radiometric  resolution  of  1  K  if  the  radiometer  re¬ 
ceiver  bandwidth  is  100  MHz.  In  this  case  a  spatial  resolu¬ 
tion  of  0.5- 1.0  km  can  be  reached  at  the  wavelengths  of 
0.33-2.2  cm  (frequencies  of  90-13.5  GHz)  with  a  length  of 
10-15  m  for  the  interferometer  arms.  The  «F»-shape  ar¬ 
rays  configuration  is  the  most  perspective  because  of  the 
constructive  advantages  and  the  minimal  abundance  of 
measurements. 
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Abstract 

The  problem  of  the  selection  of  the  singularity  of  the  Green’s  function  spectral 
representation  when  calculating  the  mutual  coupling  coefficients  of  longitudinal  elec¬ 
trical  dipoles  located  near  the  impedance  circular  cylinder  is  solved.  The  current  dis¬ 
tribution  in  the  dipoles  is  approximated  by  the  generalized  modes.  The  calculation 
results  of  both  addition  value  caused  by  the  singularity  and  the  mutual  coupling  coef¬ 
ficients  for  the  case  when  two  longitudinal  dipoles  are  located  near  the  impedance 
circular  cylinder  are  presented.  !t  is  shown  that  the  Green’s  function  singularity  ap¬ 
pear  strongly  in  the  Case  of  calculating  the  reactive  component  of  self  impedance  co¬ 
efficients  and  mutual  coupling  coefficients  of  dipoles  with  moving  off  midpoints 
along  the  cylinder  element  to  a  distance  equivalent  to  the  length  of  the  radiator. 

Keywords:  impedance  circular  cylinder;  longitudinal  dipole;  selection  of  the 
singularity  of  Green’s  function  spectral  representation. 


1.  Introduction 

In  many  applied  problems  for  example  in  calculation 
of  the  reconciliation  radiator  characteristics  the  neces¬ 
sity  to  use  the  set  of  generalized  modes  for  the  current 
distribution  approximation  appears  in  order  to  in¬ 
crease  the  accuracy  of  obtained  results.  The  load¬ 
carrying  construction  often  represents  a  circular  cyl¬ 
inder  which  surface  area  has  an  impedance. 

The  application  of  known  calculation  algorithms  for 
mutual  coupling  coefficients  for  the  electrical  dipoles 
located  at  the  cylindrical  surface  area  as  it  is  shown  in 
papers  [1-3]  leads  to  the  incorrect  results  for  self  im¬ 
pedance  coefficients  if  we  use  the  expression 

I„{r)  =  %  -  (p„)6{p  -  p„)/r  X 

xy](y^  cos[7i(p  -  0.5)^-^]  +  B^,  sin[irp^5-y^]|, 

to  determine  current  approximation  /„(?)  at  n- 
radiator.  In  formula  (1)  following  notations  are  used: 
f  =  {p,^,2:}is  radius  vector  of  an  arbitrary  point  in 
the  cylindrical  coordinate  system  O/ji/j  2; 

^«  =  {P,nV,n^n}  's  Coordinates  of  the  midpoint  of 
n -radiator;  6{)  is  Dirac  delta-function;  4,  B,,are 

unknown  complex  magnitudes  of  current  harmonics 
which  are  determined  out  of  the  boundary  conditions 
on  the  surface  of  the  electrical  dipole. 

The  error  mentioned  above  as  it  was  shown  in  [4]  is 
caused  by  the  singularity  of  the  Green’s  function  spectral 


representation.  The  singularity  is  being  used  for  repre¬ 
senting  the  electromagnetic  field  of  the  dipole  placed 
near  cylindrical  body,  and  leads  to  an  instable  solution. 


2.  Formulation  of  the  Problem 

The  algorithm  for  calculation  of  mutual  coupling  co¬ 
efficients  for  longitudinal  electrical  dipole  placed  near 
circular  cylinder  proposed  in  this  paper  is  based  on  the 
selection  of  singularity  of  the  Green’s  function  spec¬ 
tral  representation.  This  algorithm  permits  to  exclude 
divergent  integrals  from  the  solution  when  using  more 
general  radiator  current  approximation  by  generalized 
modes. 


2.1.  Model 

Let’s  carry  out  the  analysis  of  the  knowm  expression 
from  [I]  for  calculation  of  the  mutual  coupling  coeffi¬ 
cient  Zs„„,  of  two  longitudinal  dipoles: 


>7o  ^ _ ^ 

.  |/S'|  |r„''| 


f  Gv{0P,/3p'-,‘P,<p')x 


xJUz)  J  Uz')  X 


xG^{%z^z')dz' dzd'y  - 


-2mYy<E»{G^{l3gP,P^p'\ip,ip'))  X 

9 

i  ^+^z 

X f  I„(^)  f  Im(z') 

-t 


z  dz 


(2) 
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where  i  is  the  dipole  arm  length;  —  Zn  -  z,n ; 
(Jo  |,  |/o^  I  are  the  current  magnitude  at  feed  points 

of  the  n-th  and  m-th  radiator,  respectively; 
•fnQj  the  functions  that  determine  current 

distribution  in  radiators;  Gy  ?  ^2  are  the  transversal 
and  longitudinal  components  of  spectral  representa¬ 
tion  of  Green’s  function,  respectively; k  —  27r/ X; 
7  is  the  longitudinal  wavenumber;  /?  is  the  transver¬ 
sal  wavenumber  (^0^  =  -  7^ );  Ais  the  wave 

length;  us  the  imaginary  unit;  {p\(p\z^)2Lre  the  ra¬ 
dius  vector  coordinates  of  integration  point  in  the  cy¬ 
lindrical  coordinate  system;  ResQ  are  the  residues  of 
the  integrand  calculated  at  the  poles  of  the  func¬ 
tion  G'v ;  is  the  integration  contour.  The  integration 
contour  form  for  the  considering  problem  geometry 
and  techniques  applied  to  find  poles  are  more  detailed 
in  [5,  6]  so  thus  are  not  analyzed  here. 


2.2.  Expression  Transformation 

Next  transformations  in  known  algorithms  are  con¬ 
nected  to  the  application  of  the  operator 
/(dz^))  to  the  longitudinal  component  of 
Green’s  function (7^0  =  eyi^{-i'y\z  —  z’|) .  How¬ 
ever,  in  the  case  of  the  generalized  current  modes  ap¬ 
plication  the  cofactor  for  p  =  p’  >  1  causes  the 
appearance  of  the  poorly  convergent  integrals  in  (2). 
To  improve  the  convergence  we’ll  exclude  the  ap¬ 
pearance  of  this  cofactor  by  reducing  the  derivative 
order  of  the  Green's  function  longitudinal  component 
by  implementation  of  the  double  integration  by  parts 
to  the  expression: 


e  e-^Az  2  ) 

Jln(z)  f  +-^  (7, 2:,  z')dz'dz.  (3) 

-P  -P4-A7  > 


This  permits  us  to  write  (3)  as  the  sum  of  single 
K1  and  double  K2  integrals  determined  by  expres¬ 
sions: 


r  (dl  U) 

Kl=  J  Uz<)  ^^exp(-i^\e-z'l)~ 

-e+Az  ^  ^  (4) 

- exp(-ij I -£  -  z'\)  dz\ 


f  7 

-e  -e+Az  oz  ) 


xexp(— Z7|z  —  z'\}dz^dz. 


Here  the  nm  -th  are  mutual  coupling  coefficients 
matrix  (2)  element  becomes  block  element: 


Z8„,„  =  J  G^{l3p,pp'\(p,ip') 


M.  Ai 
A2^  ^3 


-2mY^^{G^{figP,PgP'\^,ip')  ) 


Al,  A2/ 
A2/  ^3, 


and  integrations  ATI,  K2  for  the  block  elements 

A1  ”  A3  (the  block  matrix  with  dimension  PxP 
describes  the  coupling  of  n  -th  and  m  -th  dipoles  at  p- 
th  and  p  ’  -th  modes)  can  be  written  as: 


,2  f7r(p-0,5) 


Gl{'y,Az,i,p,p'), 


2'j  \G2{'i,Az,l,p,p') 

*  J  G3{j,Az,e,p,p') 


=  (-1)^ 


xp\-Gi%nAzAp') 

J'  G13(7,Az,^,f»') 


In  formulas  (6)-(9)  ‘‘T”  is  a  transposition  symbol; 
subscript  “p  ”  denotes  the  discreet  component  caused 
by  surface  wave  field  excited  by  harmonic  (dg  (p  -th 
pole  of  function  Cy ); 


I  f  ^ 

-e-i+Az  sin 


7r(p'-  0,5)(ir'-  A^) 


exp(—«7  \z  —  z'  \)dz '  dz\ 


/  ^»(T) 


7rp>2;  \  '  TTp  \z  —  A^;)  ] 


X  exp(— ^7  \z  —  \)dz '  dz 

(.(n 


=  f 

o|  -L 


■k{p'—  0,5)(z'—  Az) 


[(exp(-*7|^  -  z'l)  +  exp(-i7|-^  -  z'|))1 


(expH7|^  -  z'l)  -  exp(-i7|-^  -  z'|)) 


G13(-)  =  J*  sin 


■•.,f^P'(z'-  Az) 


x(exp(-i7|^  -  z'l)  -  exp(-i7|-^  -  z'|))(iz' 
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I - 

-^+Az  z'^z  «+Az 


a) 

■i  I 


-t+hz  t+tiZ 

b) 

Fig.  1.  Dislocation  of  singularity  zones  of  Green’s 
function 

2.3.  The  Separation  of  Green’s  Function 
Singularity 

The  expressions  (10)-(13)  analysis  shows  that  the 
appearance  of  Green’s  function  singularity  is  possible 
if  the  dipoles  overlap  along  the  axis  Oz  {\d>.z\<2i). 
Two  v^iants  of  such  dipoles  disposition  are  shown  in 
the  Fig.l:  the  dipoles  are  partially  overlapped 
(Fig.la,|A2|  <  2£)  and  the  dipoles  are  shifted  at  a 
distance  equivalent  to  radiator  length 
(Fig.lb.l  AzI  =  2e ).  It  is  easy  to  notice  that  the  dislo¬ 
cation  and  size  of  zones  where  Green’s  function  sin¬ 
gularities  appear  (eor2e,  where  e  is  a  fixed  small 
parameter)  depend  both  on  the  integration  multiplicity 
and  on  the  size  of  dipoles  overlapping. 

Taking  into  account  the  dislocation  of  zones  where 
Green  s  function  singularities  appear  we’ll  represent 
the  integrals  (10)-(13)  as  a  sum  of  the  integrals  of  two 
tjTjes.  In  accordance  with  the  fact  of  presence  of  such 
singularity  these  integrals  realize  the  different  calcula¬ 
tion  accuracy.  The  obtained  integrals  have  analytical 
expressions  and  their  closed  forms  are  given  in  [7]. 

The  preliminary  investigations  showed  that  the 
zone  where  Green’s  function  singularity  appears  is 
connected  to  the  dipole  radius  D  by  the  formula 

e  =  nD,  (14) 

where  the  parameter  n  is  an  integer  from  the  interval 
3.. 7  for  cylindrical  bodies.  In  many  cases  it  is  suffi¬ 
cient  to  determine n  =  5. 

2.4.  The  Simulation  Results 

The  results  of  calculating  the  self  impedance  and  the 
mutual  coupling  coefficients  ZsIH’',  for  the  generalized 
modes  (p,p'  =  1,  3)  of  two  dipoles  with  the  arm 

length  e  =  0,25A  placed  near  circular  cylinder  with 
radius  o  =  2A  are  given  in  the  tables  1,  2  for  the 
cases  of  perfectly  conducting  and  impedance  surface 
of  cylinder  (  Z/,  =  O-l-Of,  Ze  =  0,3i  ,  where 


Table.  1.  The  mutual  coupling  coefficients  of  di¬ 
poles  placed  near  the  perfectly  conducting 
cylinder 


Modes 

^^nvi 

zs’H!;  1 

n  =  m  =  1 

A\ 

-■(M) 

86,2+64,2/ 

0 

(1.2) 

-24,8-77.2/ 

0 

-X.1..3) 

14,76+67.6/ 

-(2.2) 

7,4-1812/ 

-59,2-1429/ 

(2,3) 

-4.4-111,3/ 

0 

(3.3) 

2,6-4538/ 

-174,8-4246 

A3 

(i,i) 

8,27-747,7/ 

-22,3-537,7/ 

-  (1.2) 

-3,9-106,1/ 

0 

(1,3) 

2,5+101,6/ 

0 

-  (2.2) 

1,8-3070 

-110,3-2669/ 

-(2.3) 

-1,2-134,3/ 

0 

(3,3) 

0,8-6144/ 

-251,9-6151/ 

n  =  1;  m  =  2 

A\ 

(1.1) 

36.6+24.5/ 

0,1 +1.6/ 

(1.2) 

-13,5-38,6/ 

-0,3-4,7/ 

(1.3) 

8,1+36,3/ 

0,5+7,8/ 

■■  (2,2) 

4,5+61.0/ 

0,8+14.1/ 

(2.3) 

-2,7-66,9/ 

-1,4-23,4/ 

(3.3) 

1,6+79.8/ 

2,3+38,8/ 

_  ^2 

(1.1) 

-17,6-46,1/ 

-0,2-3.!/ 

(1,2) 

4,3+52,3/ 

0,4+6,3/ 

-  (1.3) 

-2,3-49,9/ 

-0,6-9,4/ 

(2.2) 

-2,1-65.3/ 

-1,1-18,8/ 

(2.3) 

1,1+71,8/ 

1,7+28,1/ 

(3.3) 

-0.8-83,8/ 

-2,8-46,58/ 

_ -  ^3 

-d.l) 

-1,4-54,7/ 

-0,4-6,3/ 

-(1.2) 

0,6+56,7/ 

0,7+12.5/ 

(1,3) 

-0,4-56.2/ 

-1,1-18,8/ 

(2.2) 

-0,2-71,1/ 

-1,5-24,9/ 

-(2.3) 

0,2+77,4/ 

2,2+37.4/ 

(3,3) 

-0,1-88,7/ 

-3,3-55,7/ 

Ze  —  ZeWq  ^  ;Zf/  —  ZeWq  11'^,  =  1207r  Ohm; 
Ze,  Ze  are  wave  impedances  in  the  classes  of  £- 

and  //-waves,  respectively).  The  radiators  were  lo¬ 
cated  at  p„  -  a  =  0,2.5A  from  cylinder  surface.  The 
values  of  Green’s  function  singularity  contribution 
Zsjihi  into  mutual  coupling  coefficients  are  also  given 
in  the  same  tables.  The  symmetry  of  the  mutual  cou¬ 
pling  coefficients  matrix  relatively  to  the  main  diago¬ 
nal  is  taken  into  account  in  the  table  compositions. 

The  functions  given  in  [3,  7]  were  used  as  transver¬ 
sal  Green’s  functions.  The  value  of  upper  interval 
integration  bounds  along  the  imaginary  contour  was 
considered  to  be  13  for  the  calculation  of  integrals  that 
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Table.  2.  The  mutual  coupling  coefficients  of  di¬ 
poles  placed  near  the  impedance  cylinder 


Modes  Zs^'  Zs^' 

n  =  m  =  1 ;  \  Az\  =  0 

Al 

(1.1) 

86,2+64,2/ 

0 

(1,2) 

-24,8-77,2/ 

0 

.(1,3) 

14,76+67,6/ 

(2,2) 

7,4-1812/ 

-59,2-1429/ 

(2,3) 

-4,4-111,3/ 

0 

(3,3) 

2,6-4538/ 

-174,8-4246 

1  ^3  — 1 

(1,1) 

8,27-747,7/ 

-22,3-537,7/ 

(1,2) 

-3,9-106,1/ 

0 

(1,3) 

2,5+101,6/ 

0 

(2,2) 

1,8-3070 

-110,3-2669/ 

(2,3) 

-1,2-134,3/ 

0 

(3.3) 

0,8-6144/ 

-251,9-6151/ 

n  =  1;  m  =  2;  \Az\  =  It 

A\ 

. (1,1) 

36,6+24,5/ 

0,1 +1,6/ 

(1,2) 

-13,5-38,6/ 

-0,3-4,7/ 

(1,3) 

8,1+36,3/ 

0,5+7, 8/ 

(2,2) 

4,5+61,0/ 

0,8+14,1/ 

(2,3) 

-2,7-66,9/ 

-1,4-23,4/ 

(3.3) 

1,6+79,8/ 

2,3+38,8/ 

_  ^2  1 

(1,1) 

-17,6-46,1/ 

-0,2-3,!/ 

Jl,2) 

4,3+52,3/ 

0,4+6,3/ 

(1,3) 

-2,3-49,9/ 

-0,6-9,4/ 

(2,2) 

-2,1-65,3/ 

-1,1-18,8/ 

(2,3) 

1,1+71,8/ 

1,7+28,1/ 

(3,3) 

-0,8-83,8/ 

-2,8-46,58/ 

1  ^3  — 1 

(1,1) 

-1,4-54,7/ 

-0,4-6,3/ 

(1,2) 

0,6+56,7/ 

0,7+12,5/ 

(1,3) 

-0,4-56,2/ 

-1,1-18,8/ 

(2,2) 

-0,2-71,1/ 

-1,5-24,9/ 

_(2,3) 

0,2+77,4/ 

2,2+37,4/ 

(3.3) 

-0,1-88,7/ 

-3,3-55,7/ 

do  not  contain  Green’s  function  singularity  and  was 
considered  to  be  100  for  the  calculation  of  integrals 
containing  Green’s  function  singularity. 

3,  Conclusion 

The  analysis  of  the  obtained  results  shows  that  the 
Green’s  function  singularity  appears  strongly  in  the 


case  of  calculating  the  reactive  component  of  self  im¬ 
pedance  coefficients  and  mutual  coupling  coefficients 
of  dipoles  with  moving  off  midpoints  along  the  cylin¬ 
der  element  to  a  distance  equivalent  to  the  length  of 
the  radiator  length  (|Az|  =  2^).  The  comparison  of 
these  results  with  results  obtained  by  different  algo¬ 
rithms  for  example  as  in  [1,  8]  permits  to  make  a  con¬ 
clusion  about  the  accuracy  of  the  obtained  solution 
sufficient  for  the  practice. 

The  results  obtained  in  this  paper  can  be  applied  in 
the  investigation  of  the  antenna  input  resistance  as 
well  as  in  modeling  the  feeders  and  antenna  recon¬ 
ciliation. 
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Abstract 

The  method  of  analysis  of  radiation  characteristics  of  electric  dipole  placed  near 
impedance  cylinder  with  arbitraiy  cross  section  is  presented.  The  method  is  based  on 
the  account  of  cylindrical  body  peculiarities.  This  method  is  intended  for  the  con¬ 
tours,  which  satisfy  Lyapunov’s  conditions.  The  main  considered  property  is  the 
property  of  27r  periodic  functions,  describing  the  solution  of  the  diffraction  problem. 
The  solution  is  presented  as  the  Fourier  series.  The  comparison  of  the  given  solution 
with  solution  obtained  by  the  other  known  methods  is  carried  out.  It  has  been  made 
the  conclusion  that  the  suggested  method  of  calculation  of  scattered  electromagnetic 
field  guaranties  the  stability  of  the  solution  and  satisfactory  accuracy  for  practice. 

Keywords:  contour  with  arbitrary  cross  section;  Lyapunov  conditions;  the  propertj'  of 
27r  periodicity;  method  of  integral  equations. 


1.  Introduction 

The  radar-absorbing  materials  and  coatings  covering 
load-carrying  constructions  in  order  to  control  anten¬ 
nas  characteristics  have  been  widely  used  recently 
(see,  e.g.  [I,  2]).  The  account  of  such  material  pa¬ 
rameters  effect  on  the  radiation  and  scattering  antenna 
characteristics  is  realized  by  simulation  of  the  struc¬ 
ture  of  electromagnetic  field  excited  in  the  presence  of 
the  object  in  near-  and  far-zones.  In  many  cases  while 
modeling  the  load-canying  construction  can  be  ap¬ 
proximated  by  a  cylindrical  body  of  arbitrary  cross 
section,  the  radar-absorbing  layer  is  simulated  by  the 
effective  surface  impedance.  The  distribution  of  ex¬ 
cited  surface  electrical  and  magnetic  currents  is  used 
as  the  investigated  characteristic. 

The  special  attention  in  the  development  of  nu¬ 
merical  algorithms  for  calculation  of  electromagnetic 
field  structure  in  presence  of  the  impedance  body  is 
given  to  solution  stability  [3,  4].  To  increase  stability 
of  the  obtained  solution  a  priori  information  about  the 
analytical  properties  of  the  solution  should  be  taken 
into  account,  when  developing  the  algorithm  as  in  [5]. 
Thus,  in  the  papers  [6,  7]  the  rigorous  solution  of  the 
problem  is  obtained  on  the  basis  of  representation  of 
the  field  as  series  by  the  set  of  metaharmonic  func¬ 
tions.  In  this  case  the  body  contour  is  approximated 
either  by  a  circle  as  in  [6]  or  by  a  sphere  as  in  [7]. 
This  sphere  contains  scattered  field  nonanalyticity 
inside. 


2.  Method 

The  method  of  analysis  of  radiation  characteristics  of 
electric  dipole  located  near  impedance  cylinder  with 
arbitrary  cross  section  proposed  in  this  work  is  based 
on  application  of  the  property  of  27r  periodicity  of 
functions  which  describe  the  diffraction  problem  solu¬ 
tion.  The  method  is  meant  for  the  contours  which  sat¬ 
isfy  Lyapunov’s  conditions. 


2. 1 .  Formulation  of  the  Problem 


The  problem  is  formulated  in  the  following  way.  Con¬ 
sider  impedance  cylindrical  body  homogeneous  along 
the  element  of  cylinder  has  an  arbitrary  star-shaped 
contour,  i.e.  in  polar  coordinate  system  its  equation 
can  be  describe  as  L  =  p(<p),  where  function  p(^) 
is  analytic  function  of  the  angle  <p  and  has  the  period 


of  27r  in  the  area  of  real  angles,  that  determines  the 
satisfaction  of  Lyapunov’s  conditions.  In  the  absence 
of  medium  gyrotropy  the  body  surface  impedance  is 


described  by  tensor  Z  = 


0 


0 


,  where 


are  wave  impedance  in  the  classes  of  E-  and 
H-wayes,  respectively.  Moreover,  the  impedance  dis¬ 
tribution  is  also  27r  periodic  function  as  it  has  been 
shown  in  [6]. 

The  plane  wave  of  arbitrary  polarization  excited  by 
a  point  source  located  at  a  point  with  radius  vector 
^  =  Wi.^oiW)}  falls  on  the  body. 
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2.2.  The  Set  of  integral  Equations 

When  representing  the  wave  as  the  composition  of 
two  linear  polarization  waves  and  taking  into  account 
incident  wave  depolarization,  the  solution  of  the  dif¬ 
fraction  problem  in  transversal  plane  can  be  described 
as  two  set  of  integral  equations  with  respect  to  the 

density  of  a  surface  electric  {p)  and  magnetic 
{p)  currents  as  in  [4,  6].  The  sets  are  distin¬ 
guished  by  right  hand  parts: 


/I 

L 


dr 


+ 


(1) 

r  —IF cos ^0  dO{p,p')  , 

J  sin'^o  dr 

1  dG{prp') 


sin^  6q  dn 


-Z„(ip')kG{p,p') 


X  (2) 


pEiH)  ^ 

=  exp[z(ro,;o)] 


En 


Ee  (v>) 


1- 


kW  sin^e. 


pm)  ^ 


exp[^ 


Eh{^)  - 


TF(n,Tb) 


k  sin  9q 

-£'o([n,n)],U’^®} 


;(4) 


where  4  a  unit  vector  of  cylindrical  coordinate 
system;  W  =  1207r  Ohm;  n  ,  f  are  the  basis  vectors 
of  normal  and  tangent  respectively  at  a  point  with 
radius  vector  p'  =  on  the  contour  surface; 


k  =  27t  /  X  is  the  incident  wavenumber  in  free  space; 


= 


1  for  E-poL, 
0  for  H-pol 


0  for  E-poL, 

1  for  H-pol.  ’ 


A  is  wavelength  in  free  space;  superscripts  “  E  ”  and 
“ET”  correspond  to  the  solutions  of  diffraction  prob¬ 
lems  in  the  cases  of  E-  and  H-  polarized  waves  re¬ 
spectively.  The  Green’s  function  G{p^p')  is  written 

taking  into  account  the  system  regularity  along  Oz 
axis.  The  factor  exp[^a;i  —  ikz  cos  9q  ]  is  omitted. 


2.3 .  Application  of  the  Property  of  27r  - 
Periodicity  of  Green’s  Function 

The  solution  to  the  set  of  integral  equations  (1)  can  be 
easily  reduced  to  the  solution  of  infinite  set  of  linear 
equations  with  respect  to  currents  in  the  form  of  space 
spectrum  of  azimuth  harmonics.  For  this  case  the 


property  of  27r -periodicity  of  functions  in  formulas 
(1)  and  (2)  should  be  used.  These  functions  are  ex¬ 
panded  in  the  Fourier  series  by  the  set  {exp(ip(p)} 
and  Green  function  and  its  derivatives  are  also  ex¬ 
panded  by  the  sets  {exp(ip<p)}  and  {exp(fpV’)}‘ 

The  obtained  expressions  in  contrast  to  the  known 
solutions  allow  one  to  exclude  singularities  of  integral 
equation  kernel  what  leads  to  the  guarantee  of  stabil¬ 
ity  solution.  This  is  achieved  by  using  of  “smoothed” 
distributions  of  surface  impedance  as  in  [6],  allowing 
to  reduce  the  number  of  harmonics  in  distribution. 

In  the  particular  cases  when  body  contour  is  de¬ 
scribed  by  the  function  r  —  p{(p)  =  a  (circular  cyl¬ 
inder)  the  form  of  the  solution  coincides  with  the 
representation  obtained  for  this  configuration  as  the 
Rayleigh  series  with  zero  surface  impedance  as  in  [9] 
and  non  zero  surface  impedance  as  in  [10]. 


2.4.  THE  RESULTS  OF  SIMULATION 


The  distributions  of  the  normalized  magnitude  of  elec¬ 
tric  surface  current  excited  by  plane  E- polarized 
wave  incident  from  the  direction 
(Pq  —  135®  on  a  square  with  side  a  =  4, 8A  and  sur¬ 
face  impedance  0, 3^  are  given  in  Fig.  1 .  The  contour 
of  impedance  cylinder  was  considered  as  a  function 


Pi(<p((p)}  for  (p{(p)><Pr, 
for  V>(‘P)<<Pr, 


(5) 


where 


(p{(f)  = 

‘Pi 


Pi(‘P(‘P))  =  cos 

(fi  foY(pi<  0,257r, 

0,57r  —  (pi  for  (pi  >  0,257r;  ’ 
=  (p  —  0,57rE(2y?7r“^ ) ; 


P2(^(V?))  = 

-  —7^ - r{cOSVsin(|  -<Pr)  + 


-h  y  sin^  ipp  -F  sin^  ip  sin*^  ("J  ^  j 


(6) 

(7) 

(8) 

(9) 


E  ( • )  is  an  integer  part  of  a  number;  ip^  is  a  half  of 
the  polar  angle  formed  by  initial  point  of  union  of  a 
circle  and  a  square.  It  is  assumed  in  the  calculations 
that  ipr  =  10® . 

The  results  obtained  by  using  the  suggested  method 
are  denoted  by  the  curve  1  in  Fig.  1 ;  the  curve  2  de¬ 
notes  the  results  obtained  by  using  the  known  algo¬ 
rithm  based  on  the  collocation  method  with  the  step 
basis  functions  as  in  [3].  The  analysis  of  the  obtained 
results  shows  sufficiently  good  convergence  of  the 
results.  At  the  same  time  the  order  of  linear  equations 
set  used  by  the  proposed  algorithm  for  calculation  of 
unknovm  complex  current  magnitudes  is  2®  ==  64 
against  204  in  the  collocation  method.  It  should  be 
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Fig.  1.  Distribution  of  normalized  magnitude  of 
electric  surface  current 


noted  that  the  proposed  method  permits  the  applica¬ 
tion  of  the  detailed  discreet  Fourier  transform  instru¬ 
ment  for  program  realization  of  the  algorithm. 

Similar  results  were  obtained  in  the  case  of  the  dif¬ 
fraction  of  H  -polarized  wave. 

Using  the  known  surface  current  distribution,  the 
radiation  characteristics  of  electric  dipole  located  near 
cylindrical  body  are  calculated. 

3.  Conclusion 

Thus,  the  presented  method  for  calculation  of  elec- 
fromagnetic  field  scattered  by  object  is  based  on  tak- 
ing  into  the  account  the  cylindrical  body  contour 
peculiarity  (which  transverse  plane  contour  is  de¬ 
scribed  as  analytic  function  with  27r  period;  the  radar¬ 
absorbing  coating  is  described  by  the  “smoothed” 
distribution  of  surface  impedance  with  the  same  pe¬ 
riod)  gu^antees  the  accuracy  of  the  solution  sufficient 
for  practice  purpose  and  possesses  solution  stability. 
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Abstract 

The  solution  composed  with  a  respect  to  longitudinal  components  of  distribution 
of  electric  and  magnetic  current  densities  is  obtained  for  the  radiation  problem  of  a 
surface  antenna  placed  on  the  impedance  cylinder  using  the  integral  equation  method. 
Components  of  the  antenna  pattern  (AP)  are  found  by  using  the  Lorentz  lemma 
where  auxiliaiy  dipole  is  disposed  ad  infinitum.  Current  distribution  densities  for  the 
corresponding  AP  components  are  defined  basing  on  the  solution  of  diffraction  prob¬ 
lems  of  plane  j5'-  and  /f-  polarized  waves  incident  on  cylinder  from  direction  allo¬ 
cating  the  AP  observation  point.  The  distribution  of  surface  current  density  is 
approximated  by  step  functions  with  unknown  coefficients.  The  effect  of  surface  im¬ 
pedance  on  singularities  of  excited  electromagnetic  field  structure  in  far  zone  is  ana¬ 
lyzed.  The  results  of  numerical  investigations  are  presented. 

Keywords:  contour  with  arbitrary  cross  section;  impedance  boundary  condition; 
surface  antenna;  antenna  pattern. 


1.  Introduction 

The  radiating  aperture  based  on  load-carrying  con¬ 
struction  is  one  of  the  fundamental  antenna  structures 
which  have  various  practical  applications.  Many 
works  are  devoted  to  the  investigation  of  radiation 
characteristics  of  such  structures  (see,  for  example,  [1- 
4]).  However,  in  the  works  mentioned  above  a  gener¬ 
alized  case  of  impedance  cylinder  with  arbitrary  cross 
section  is  not  considered.  At  the  same  time  it  is  the 
investigation  of  radiating  aperture  based  on  the  cylin¬ 
drical  surfaces  with  impedance  boundary  conditions 
that  is  more  interesting  from  the  point  of  view  of  the¬ 
ory  and  urgent  in  technical  application.  The  typical 
example  is  the  open  end  of  waveguide  placed  on  the 
impedance  surface  with  arbitrary  cross  section. 

The  solution  to  the  problem  of  excitation  electro¬ 
magnetic  field  of  surface  antenna  located  at  the  im¬ 
pedance  surface  with  an  arbitrary  cross  section  and 
satisfying  Lyapunov  conditions,  proposed  in  this  pa¬ 
per,  is  obtained  in  rigorous  formulation.  The  method 
of  integral  equations  composed  with  a  respect  to  the 
longitudinal  components  of  current  densities  distribu¬ 
tion  is  used  here. 

2.  Setting  THE  Problem 

The  setting  of  the  problem  is  formulated  in  the  fol¬ 
lowing  way.  Let  the  antenna  aperture  be  placed  on  the 
impedance  cylindrical  surface  S  with  an  arbitrary 
cross  section  L  and  satisfying  Lyapunov  conditions. 


The  distribution  of  tangential  field  component  in  aper¬ 
ture  supposed  to  be  known  and  is  described  by  vectors 

Ea  and  Ha .  The  component  x  ( x  =  )  of  elec¬ 

tric  field  strength  at  the  arbitrary  space  point  may  be 
determined  as  it  is  shown  in  [1]  by  using  the  integral 
relations  and  Green’s  function  spectral  representation: 

=  J ^E(r')J^  -  H(f)M^  (r,r')|ds 

s 


Here  E(r'),  H(f')  are  the  impressed  strength  of 
electric  and  magnetic  field  respectively  excited  by  the 
antenna  on  the  cylindrical  surface  S; 

(r,f')  are  the  densities  of  electric  and  magnetic 

currents  excited  on  the  cylindrical  surface  by  auxiliary 
electrical  dipole  oriented  along  the  unit  vector  x  •  As 
it  is  shown  in  [1]  in  the  case  of  an  impedance  cylin¬ 
drical  surface  the  impressed  fields  outside  the  aperture 
are  connected  by  boundary  conditions: 

Mf(r)  =  ZeJfir),  Mf(r)  =  -Zffjf(r),  (2) 


where  Z  = 


Ze 

0 


is  the  surface  impedance  ten¬ 


sor;  Ze,  Zff  are  the  wave  impedance  in  the  classes  of 
E  -  and  H  -  waves,  respectively. 
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3.  Solution  to  the  Problem 

3.1.  Common  Expressions 

Let’s  assume  the  cylinder  surface  5  as  a  sum  of  the 
aperture  area  and  the  outside  area  5  -  .  In  this 

case  if  we  superpose  the  same  boundary  conditions 
both  with  the  impressed  field  and  with  the  auxiliaiy 
source  field  then  it  is  possible  to  pass  from  integral  (1) 
to  expression: 


^.v(^)  =  f  {e„  ir')J^  {r,r')  - 

s. 

-Ha  {r')M^  (r,r')|ds. 


(3) 


Here  Ea,  Ha  are  the  distributions  of  tangential  field 
component  of  electrical  and  magnetic  fields  in  an¬ 
tenna  aperture,  respectively. 

In  order  to  find  the  antenna  pattern  the  auxiliary 
dipole  is  disposed  ad  infinitum  and  its  disposition  in 
the  spherical  coordinate  system  is  determined  by  the 
radius  vector  r  =  {R,9,ip}  (Fig.  1).  In  this  case  the 
calculation  of  currents  distribution  density  can  be  car¬ 
ried  out  on  the  basis  of  diffraction  problem  of  plane 
wave  incident  on  the  cylinder  from  direction  defined 
by  the  determined  angles.  This  corresponds  to  the 
approach  proposed  by  [5, 6]. 

3.2.  Fields  Representation 

The  determination  of  vector  AP  components  of  sur¬ 
face  antenna  in  this  case  corresponds  to  the  cases  of 
E-  and  H-  polarized  waves  diffractions  as  in  paper 
[2]: 

\Ei”{x,y,z)] 

sin  0  X 


Hr{x,y,z) 

xexp(za()X  -|-  */?oJ/)exp(f7„2) 


Ho 


(4) 


where  Eo ,  Hq  are  the  strength  of  electrical  and  mag¬ 
netic  fields  at  the  incident  wave  front; 
Qo  =  A;  sin  0  COS  y? ; /?o  =  A:  sin  0  sin  y) ;  7o  =  kcosO', 
k  =  I X  is  the  wave  number  of  free  space;  A  is 
the  wave  length;  i  is  an  imaginary  unit. 

In  each  of  these  cases  we’ll  suppose  the  presence  of 
z  -component  of  both  electric  and  magnetic  field  in  the 
scattering  field  at  the  same  time.  This  corresponds  to 
the  exciting  of  longitudinal  components  of  electrical 


p 

=  E- 

P=1 

\b^w 

and  magnetic  currents  on  the  cylinder  surface.  Since  the 
geometrical  and  electromagnetic  cylinder  parameters 
are  constant  along  the  cylinder  element,  the  principle  of 
variation  of  the  incident  and  scattering  fields  from  such 
a  coordinate  determines  the  same  factor  expiij^z). 
Using  the  interdependence  of  transversal  electromag¬ 
netic  field  components,  the  set  of  integral  equations 
with  a  respect  to  the  longitudinal  components  of  the 
electric  JfW(p)  and  the  magnetic  cur¬ 

rents  is  written.  These  currents  are  the  solutions  of  the 
plane  wave  diffraction  problem. 

3.3.  The  Approximation  of  the  Surface 
Current  Density 

The  solution  of  this  integral  equations  set  is  based  on 
the  way  of  approximation  of  surface  current  density 
distribution.  In  order  to  find  the  unknown  longitudinal 
components  of  electrical  and  magnetic  current  densi¬ 
ties  the  initial  contour  L  has  the  form  P  -gon  in  this 
paper.  In  this  case  the  distribution  of  current  densities 
in  transversal  plane  is  approximated  by  step  functions 


(5) 


where  f,,  is  the  distance  between  the  p-th  comer  of 

polygon  and  the  initial  point  of  reference  along  the 
contour  (p  =  1,...,P);  A  is  the  length  of  polygon 

side;  are  the  unknown  decomposi¬ 

tion  coefficients; 

1  at  ^  e  H- A], 

0  at  ^^[f„;f„+A],  • 

Using  the  Krilov-Bogolyubov  method  with  the  dis¬ 
position  of  P  collocation  points  in  the  middle  of  the 
corresponding  decomposition  intervals  as  in  Tikhonov 
and  [7]  further  we  transform  the  integral  equations  set 
to  the  linear  algebraic  equations  set  as 

-Ze{W  sine)-' 

-IF  cos  e  sin“^  0  -f- 

-1-  ( sin"'^  e  D,,^  -  UZhTj,^  ) 

Eif^^  =  exp[i(ro,p,,)]x 


- C)  = 


(6) 


ArlFshF 

=  exp[2(?J„p,,)]x 


H„ 


Z„  - 


k  sin  B 
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(8) 
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for 

for 


E-poL, 
H-po\.  ’ 


= 


0  for  ^-poL, 

1  for  /f-pol.  ’ 


^  is  the  unit  vector  of  cylindrical  coordinate  system; 
W  =  1207r  Ohm;  is  the  basis  vector  of  an  exte¬ 
rior  normal  at  the  p-th  collocation  point;  is 

the  second-kind  Hankel  function  of  order  0. 


3 .4.  Relations  of  the  Diagonal  Matrix 
Elements 

When  calculating  the  diagonal  (p  =  q)  coefficients 
in  (9)  the  integrals  become  improper  (see,  [7]),  be¬ 
cause  Green’s  function  and  its  derivatives  at  —  p' 

are  discontinuous  of  second  kind.  However  these  in¬ 
tegrals  exist  and  after  passing  to  the  limit  they  may  be 
written  in  closed  form: 

T„  =  A{fl?(A)  + 

+  0,57r(iff)(A)ffo(A)  -  f('>{A)Fi(A))} 

(11) 

The  coefficients  in  formula  (9)  are  equivalent  to 
zero  in  the  meaning  of  main  value.  In  expression  (10) 
A  =  0,5A;  Hq{),  Hi{)  are  Struve’s  functions; 

)  is  the  second-kind  Hankel  function  of  order  1 
(see  [8]). 

3.5.  Relations  for  the  antenna  Pattern 
The  solution  of  set  (6)  by  using  the  expression  (5)  and 
by  accounting  the  omitted  factor  exp(z7o^)  lets  us 
determine  the  longitudinal  components  of  both  sur¬ 
face  electrical  and  magnetic  currents  densities  and 
transversal  components  corresponding  to  them. 

The  field  distribution  in  surface  antenna  aperture  is 
described  by  trigonometric  functions  aggregate  in 
which  we’ll  assume  the  complex  amplitudes  as 
known.  In  this  case  the  expression  for  the  antenna 
pattern  looks  like 

s.  (12) 

y.[Ea{r')  -  ZHa{r')])ds 

in  which  integrals  of  z  value  are  tabular  as  it  is 
shown  in  [9], 


4,  The  Results  of  the  Simulation 

In  this  paper  the  obtained  solution  analysis  is  carried 
out.  To  illustrate  the  effect  of  geometrical  and  electro¬ 
magnetic  parameters  of  cylindrical  surface  on  the  sur¬ 


face  antenna  pattern,  the  realization  of  antenna  as  a 
rectangular  waveguide  with  sides  a  =  0, 5A  (along  the 
element  of  cylinder)  and  6  =  0,1A  placed  on  the  cyl¬ 
inder  with  square  cross  section  is  considered.  The  side 
of  square  is  equivalent  to  1,2  A .  The  distribution  of  the 
transversal  field  components  in  waveguide  aperture  is 
determined  by  fundamental  type  harmonic  as  in  [10]. 

The  results  of  the  simulation  are  given  in  Fig.  2. 
The  functions  that  were  obtained  under  symmetrical 
concerning  square  comer  disposition  radiator  are 
shown  in  Fig.  2, a.  In  Fig.  2,b  the  functions  were  ob¬ 
tained  under  the  displaced  waveguide  at  distance 
0,3A  from  the  comer.  Curves  1  in  both  cases  illus¬ 
trate  the  plane  0  ~  60°  section  of  AP  excited  by 
waveguide  in  case  of  a  zero  cylinder  impedance 
( Z  =  0 ),  Curves  2  and  3  that  were  obtained  in  case 
of  a  surface  impedance  Z^  /W  =  0,1^  represent  the 
fundamental  ( -component)  and  cross-polarized 
(E?^ -component)  components  of  waveguide  AP.  The 
reference  of  angle  ip  in  both  cases  is  chosen  from  the 

normal  to  the  waveguide  aperture  plane.  Cross- 
polarized  AP  component  is  normalized  to  maximum 
value  of  the  fundamental  AP  component. 

It  is  not  difficult  to  note  that  the  presence  of  surface 
impedance  leads  to  the  increase  of  fundamental  AP 
component  fluctuation.  Cross-polarized  component 
value  that  was  obtained  under  the  symmetrical  radia¬ 
tor  disposition  vanishes  at  9?  =  0°  .  At  the  same  time 
such  effect  does  not  occur  under  the  radiator  dis¬ 
placement. 


Fig.  2.  Antenna  pattern  of  waveguide  radiator  based 
on  cylinder  with  square  cross  section 
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5.  Conclusion 

The  solution  of  the  problem  of  excited  electromag¬ 
netic  field  of  surface  antenna  placed  on  the  impedance 
surface  with  arbitraiy  cross  section  is  obtained  in  rig¬ 
orous  formulation  by  using  Lorentz  lemma.  The  cal¬ 
culation  of  currents  distribution  density  in  this  case 
may  be  carried  out  on  the  basis  of  diffraction  problem 
of  the  plane  wave  incident  on  the  cylinder  from  direc¬ 
tion  defined  by  AP  observer  angles.  The  determina¬ 
tion  of  the  vector  AP  components  of  surface  antenna 
in  this  case  corresponds  to  the  cases  of  and  H  - 
polarized  waves  diffractions.  The  solutions  of  diffrac¬ 
tion  problems  of  these  polarizations  are  described  by 
two  sets  of  integral  equations  with  the  respect  to  the 
unknown  density  of  a  surface  electric  and  magnetic 
currents.  In  order  to  find  the  unknown  longitudinal 
components  of  current  densities,  the  initial  contour 
has  the  form  of  P  -gon  and  the  distribution  of  current 
densities  is  approximated  by  step  functions  with  un¬ 
known  decomposition  coefficients.  These  transforma¬ 
tions  make  it  possible  to  apply  the  Krilov-Bogolyubov 
method  with  the  disposition  of  P  collocation  points 
in  the  middle  of  the  corresponding  decomposition 
intervals  and  to  transform  the  set  of  integral  equations 
to  set  of  linear  algebraic  equations.  The  expressions  in 
the  closed  form  were  obtained  for  diagonal  matrix 
elements. 

The  received  results  show  that  the  presence  of  a 
surface  impedance  leads  to  the  increase  of  fundamen¬ 
tal  AP  component  fluctuation  and  to  the  appearance  of 
cross-polarized  AP  component. 
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Abstract 

Solution  to  the  problem  of  electromagnetic  waves  scattering  by  the  complex  spa¬ 
tial  lattices  of  resonant  magneto-dielectric  spheres  is  given. 

Expressions  for  the  fields  scattered  by  the  lattices,  which  take  into  account  the  in¬ 
fluence  of  the  lattices’  topological  structure,  are  derived.  These  expressions  can  be 
used  for  studying  the  near  and  far  zones  of  the  scattered  fields. 

Keywords:  magnetodielectrical  sphere,  integral  equation,  lattice. 


Let  us  consider  a  complex  spatial  lattice  consisting  of 
C  sub-lattices  c  (c  g  C) .  These  sub-lattices  corre¬ 
spond  to  the  coordinate  representation  having  the  fol¬ 
lowing  form  in  the  Cartesian  coordinate  system: 

(s  =  0,+l,±2,...), 

(I  =  0,±l,±2,...),  (1) 

(p  =  0,±1,±2,...), 

where  values  d,  h,  /  are  defined  by  the  conditions 
X  =  0,x  =  d;y  =  0,y  =  h;z  -O^z  =  I,  and  x^^s^q, 

Tc  /=o  ?  coordinates  of  the  node  generating 

the  sub-lattice  c  and  being  within  the  domain 

0<y,^t=0<h,  (2) 

Coordinates  ^  ^  define  location  of  the 

lattice  nodes  c  beyond  the  domain  (2)  limits  and  are 
the  functions  of  the  coordinates 
.  Each  node  of  the  c  sub-lattice 

(1)  is  correlated  with  the  ordered  three  numbers  - 
the  chosen  node  of  the  lattice  will  be  de¬ 
noted  by  c\p\s\t*\  Setting  the  maximum  value  for 
the  numbers  in  (1),  it  is  possible  to  consider 

the  finite  and  infinite  lattices. 


The  cell  of  the  lattice  is  formed  of  C  nodes  within 
the  domain  (2),  which  will  be  repeated  beyond  the 
domain  (2)  limits  by  the  coordinate  representation  (1) 
in  the  form  of  the  spatial  lattice. 

A  distance  between  the  nodes  (1)  define  as 


^d[p\s\t%c{p,s,t) 

~  ^ ~  ^c,5  )  ■*"  {y d/  ~  Tc,/ )  “  ^c,p  Y  • 


The  nodes  of  sub-lattices  (1)  incorporate  the  cen¬ 
ters  of  spheres  with  permittivities  ^c{pst)^ 


meabilities  \^c{p,sj)^  volumes 

further  on  will  be  denoted  by 
8^  5  ,Vc  •  Th®  lattice  spheres  are  in  the  medium 


with  permittivity  8  q  and  permeability  |Ulo . 

For  solving  similar  problems,  it  is  convenient  to 
use  integral  equations  of  electromagnetics  [1,  2].  Here 
the  integral  equations  presented  in  [2]  will  be  used, 
and  the  problem  will  be  solved  in  two  stages.  In  the 
first  stage,  the  internal  field  of  the  scattering  spheres 
will  be  found.  In  the  second  stage,  we  will  find  the 
field  scattered  by  the  spatial  lattice  of  spheres. 

The  field  scattered  on  the  lattice  over  the  known  in¬ 
ternal  field  of  scatterers  will  be  defined  through  elec¬ 
tric  and  magnetic  11^  Hertz  potentials 


ffpacc  =  (^V  +  A:^8o|llo  +  Mq 


)r 


v,n" 


(4) 


Hertz  potentials  of  the  field  scattered  by  separate 
spheres  will  be  presented  in  the  form 
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where  , ,)(r ',r), , ,)(r ',/)  are  the  internal 
fields  of  the  scatterer,  is  the  scatterer  volume,  the 
function  /(jF~r'|)  is  the  solution  of  the  equation 

^^eol^o/(i^  ” ^1)  =  ““47i5(jr  - F'l) 

that  meets  requirements  of  radiation  on  infinity  and  is 
written  as 


It  is  possible  to  show  that  for  the  points  beyond  the 
sphere  (r  >  r'),  the  sphere  volume  integral  of  Green 
function  (6)  has  the  form 


- (s in cos kiOc)- 


where  ki  =  k^EQiiQ,k  =  InJXQ  ,  r  defines  the  dis¬ 
tance  from  the  center  to  the  points  beyond  the  sphere. 
Let  us  present  the  field  in  the  form 

£(F,t)  =  £(F)e'®' ,  H{p,t)  =  . 

Assume  that  beyond  the  sphere  /X  « 1 ,  where 

^  =  's  the  wavelength  beyond  the 

sphere,  but  within  the  sphere,  there  is  possible  the 
resonant  case  >1 ,  and  Xg  =  XqI^z^]x^  is 

the  wavelength  in  the  sphere. 

In  the  beginning,  calculate  the  internal  field  of  the 
scatterers  for  the  case  when  inside  the  sphere 
aclXg«\  and  outside  it  fl'^/X«l,  and  then 
generalize  the  results  of  calculations  for  the  resonant 
case  when  >  1  within  the  sphere  [3]. 

The  internal  field  c'{p',s\i')  of  the  sphere  will  be 

found  from  the  system  of  quasi-stationary  inhomoge¬ 
neous  equations,  which  will  be  built  on  the  basis  of 
the  integral  equations  [2].  The  inhomogeneous  equa¬ 
tion  for  the  internal  electric  field  of  the  random  sphere 
c'{p',s',t')  is  as  follows 


where  the 

field  of  the  incident  wave; 

internal 

field  of  a  c'{p',s',t')  sphere;  and 

^c{p,s,t){^' ^ c(p,s,t){^'’^)  “'■2  file  internal  fields 
of  the  other  spheres. 

The  values  ^c{p.s,t)(^')'K(p.s.,)(^''^ 
tained  from  (3,7,8) 

cosX,a^)x 

ki 

X  - ^ 

^c'{p',s',l'),c{p,s,t) 

KIp,s,i)^^’)  =  COS kia^)x 

k] 

g-‘'^i>-c'{p’Ar),c{p.^j) 

X - - - 

''c'{p',s',l'lc{p,s,t) 

The  equation  for  the  internal  magnetic  field  of  the 
sphere  c'(p',s',('}  looks  like  equations  (8),  if  to  re¬ 
place  the  electric  values  by  the  magnetic  ones. 

Equations  (8)  represent  an  algebraic  system  of  vec- 

C 

tor  inhomogeneous  equations  2N  ,  where 

C  =  1 

N  is  the  general  number  of  the  lattice  spheres  and 
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is  the  number  c  of  sub-lattice  spheres.  Solution  of  this 
system  of  equations  for  the  sphere  c\p\s\t*^  yields: 

C  \P 

C=l^M  ) 

xi[z[pr'^oc(pj4(''’.')+ir’%(w)(''’.')]l 


^c,s^yc,t^^c,p)  coordinates  of  the  center 

point  of  the  scattering  sphere  (1).  Then,  taking  into 
account  (10)  and  (11)  and  using  (4)  we  will  find  the 
sought  field  scattered  on  the  lattice  spheres 


-*i«,COS^,Oc)x 

C=1  p  s  t 


where  is  the  determinant  of  the  main  matrix  of 
the  system  of  equations  (8). 

The  obtained  solutions  (9)  are  true  when 

a^lX«\  outside  and  within  the 

sphere.  But  they  can  be  generalized  for  the  resonant 
case  if  the  effective  permettivity  and  per¬ 

meability  [3,4,5]  are  introduced  instead  of  and  . 

^cef 

/  . - -X  (10) 

^cef  =  Ji 

where 

F(kci^^)= 

2(sinfc<^^ec|Jc  -kq.Je^  co^q..JeJji^ ) 

-l]sirikq.J^+kq;J^co^q.J^ 

Hertz  potentials  (4)  of  the  field  scattered  by  the  lat¬ 
tice  spheres  can  be  presented  taking  into  account  (9) 
and  (10)  in  the  form  of  superposition  of  the  lattice 
separate  spheres’  Hertz  potentials  (5) 

C  I 

n®(?,?)=  £  ZZZ~^(s'll^l‘3c  -^i<3c  cosA:]<3c)x 


-  ^  r  1 

^sca,  =Z  ZZZTi-(si"^i«c  cosk,aJx 

c=i  p  s  t 


=1  p  5  t  k. 


C  1 

n^'(F,r)=-Z  ZZZ~3(s'n^l«c  -k\acCOskia^)x 

c=\  p  s  t 


Lo  .e-'VcW/)' 

X  —^-1  Jr\t) -  .  (11) 


^c[p,sj) 


''c{p,s,t)  +iy-yc,tf +i^-^c,ph  02) 

where  (x,j^,z)  are  the  coordinates  of  the  observation 
point  of  the  scattered  field  outside  the  lattice  sphere, 


'  )('')■ 


where  Lc  and  Fc  are  functional  matrices  of  the  form 


^  xxc 

^  xyc 

'P 

^  xzc 

yxc 

^yyc 

yzc 

XU 

^  zxc 

'P 

^  zyc 

^  zzc 

0 

'P 

^zc 

_ 1 

VT/0 

^zc 

0 

'P 

^xc 

yc 

mO 

^xc 

0 

The  values  making  part  of  the  functional  matrices 
(14)  have  the  form  (1),  (12) 

^xxc  ^  ^OM-O  ^  5 


kf{x-Xcsf  3(x 

c{p,s,t)  c{p,s,t) 


1  ,2 

- k  eo^^o  + 


^c{p,s,t) 


''c{p,s,t) 


k\{y-yc,tf  ^(y-yc,tT 

— ^ - +,kl - — 


^c{p,s,t) 


^zzc  ~  k  SqMo 


^c{p,s,t) 


■>pj  c{p,s,t) 
^c{p,s,t) 
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The  field  at  the  random  point  of  space  outside  the 
sphere  will  be  presented  in  the  form  (13) 

where  incident  wave  undisturbed  field. 

Expressions  for  internal  and  scattered  fields  of  the 
magnetodielectric  spheres  lattice  are  derived  in  the 
considered  problem,  they  are  true  when 

outside  the  spheres  and  >  1  within  the 

spheres. 

T^e  given  solution  can  be  useful  when  developing 
devices  for  antenna  radiation  field  control  and  creat¬ 
ing  anisotropic  composition  materials. 
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Recently  a  new  method  for  analytical  solving  of  2-D 
diffraction  problems  was  introduced  in  [1],  [2].  As  an 
example  analytical  solution  for  diffraction  of  electro¬ 
magnetic  wave  on  2-dimentional  perfectly  conducting 
finite  thickness  half-plate  based  on  this  method  was 
presented  in  [3].  In  this  paper  main  features  of  final 
version  of  the  method  are  formulated. 

The  purpose  of  the  method  is  to  solve  2-D  Helm¬ 
holtz  equation  boundary  value  problem  for  perfectly 
conducting  scatterers  of  arbitrary  shape.  Key  point  of 
the  method  lies  in  usage  of  integral  representations 
received  for  special  “generalized  eikonal”  function 
satisfying  Laplace  equation  in  one  region  (named  here 
as  “supplementary  region”)  as  a  solution  in  another 
region  (named  here  as  “main  region”)  of  boundary 
value  problem  for  Helmholtz  equation  with  variable 
wavenumber.  “Generalized  eikonal”  function  is 
named  in  such  way  because  it  is  developed  from  inci¬ 
dent  wave  eikonal  function  by  adding  a  supplemen¬ 
tary  radial  coordinate.  Usual  radial  coordinate  with 
usual  angular  coordinate  form  “main  region”  while 
supplementary  radial  coordinate  with  the  same  angu¬ 
lar  coordinate  form  “supplementary  region”.  In  “main 
region”  “generalized  eikonal”  function  satisfies 
Helmholtz  equation  with  variable  wavenumber  while 
in  “supplementary  region”  it  satisfies  Laplace  equa¬ 
tion.  “Main  region”  is  a  frill  complex  plane.  Upper 
and  lower  half  -  planes  of  this  plane  represent  two 
copies  of  conformal  transformation  of  scatterer  exte¬ 
riority  on  a  half  -  plane.  Upper  and  lower  half  -  planes 
are  “pasted”  along  horizontal  axis  which  corresponds 
to  the  border  of  the  scatterer.  Non-scattered  incident 
wave  is  defined  in  upper  half  -  plane  and  non- 
scattered  reflected  wave  is  defined  in  lower  half  - 
plane.  Scattered  parts  of  both  waves  are  defined  in 
whole  complex  plane.  “Supplementary  region”  repre¬ 
sents  similar  full  complex  plane  but  with  another  de¬ 
pendence  of  “generalized  eikonal”  function  on  radial 
and  angular  coordinates.  “Main  region”  and  “supple¬ 
mentary  region”  intersect  along  the  special  curve.  On 
this  curve  variable  wavenumber  from  Helmholtz 
equation  is  a  constant  value.  Also,  on  this  curve  val¬ 
ues  of  incident  wave  function  and  “generalized  eiko¬ 
nal”  function  are  the  same.  This  curve  includes 
observation  point  as  well  as  saddle  points  of  “general¬ 
ized  eikonal”  function.  Applying  Cauchy’s  residue 
theorem  the  value  of  “generalized  eikonal”  function  in 


observation  point  can  be  represented  as  an  integral 
along  a  closed  path  in  “supplementary  region”.  Select¬ 
ing  in  “supplementary  region”  parts  of  the  closed  path 
where  incident  wave  fiinction  gets  smaller  while 
wavenumber  gets  higher  one  can  construct  solution 
for  scattered  wave  in  “main  region”  taking  in  account 
the  fact  that  integrals  over  parts  of  the  closed  parts  can 
be  expressed  in  terms  of  values  in  saddle  points  of 
“generalized  eikonal”  function.  Saddle  points  are 
common  for  “main  region”  and  “supplementary  re¬ 
gion”.  Asymptotic  expressions  may  be  received  in 
convenient  compact  form. 

Fig.  1  depicts  2-D  half-infinite  perfectly  conduct¬ 
ing  scatterer  of  arbitrary  shape  exited  by  plane  wave 
=  exp  [  iS{r^  ,ip^)\  where  S{r^,(p^)  = 
=  —kr^  cos((/?^  -  V^o)  is  eikonal  function.  Exteriority 
of  the  scatterer  named  as  “region  2;  ”.  Pj  and  are 
incident  and  reflected  waves,  is  observation  point. 

Fig.  2  depicts  upper  half-plane  named  as  “re¬ 
gion  w  ”.  Region  w  and  region  2;  are  connected  by 
conformal  transformation  2:  =  Z{w) .  Wq  is  observa¬ 
tion  point. 

Fig.  3  depicts  “region  d  ”,  where  d  ~  exp(i^rf) 
determined  by  equation  dzjdw  =  d  .  Condition  = 

=  const  =  determines  circle  in  region  d  and 
curves  named  as  “curve  r^o”  shown  in  Fig.  1  and 
Fig.  2. 

Fig.  4  depicts  region  in  d ,  do  is  observation  point. 

Fig.  5  depicts  introduction  of  additional  radial  vari- 
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Fig.  5. 

able  .  This  variable  is  being  included  into  angular 
variable  by  the  following  equation 

9d  ^  -  ^ln(f^/7;/o)*  Fixing  =  r^o  and  replac¬ 

ing  (f^  by  ^5  in  variable  d  one  can  get  new  variable 


Fig.  6. 


d  =  Trfo  exp(7v?5)  or  what  is  the  same 
d  =  r^i  exp{i(pfj) ,  Replacing  by  in  eikonal 
function  one  can  get  so  called  “generalized  eikonal 
function”  which  gives  the  name  to  our 

method: 

‘5(rj(r,,,v3S),V7,(rrf,<^S)]  =  -fcr,(rrf,v35)  x 
Xcos[vJ,(rrf,v’rf)  -^o]=  S<'{rj,f,i,(p^). 

Fixing  fd  =  rjo  gives  <p^  =  and 

P’'{rj,rM,<Pd)  ^  P[ri{rd,iPd),<pdrd,'Pd)]  while  fix- 
ing  =  r^o  gives  new  function  of  complex  vari¬ 
able  : 

P['rz{rdo,Pd)y^z{rd(h^d)]  ==  exp{-7fcr,(r,/o,^5)x 
xcos[v?,(rrfo,<^rf)  -  Po]}  =  P^ivdiur^.p^)  =  P^'ipd)^ 

It  may  be  shown  [1],  [2]  that  P''{pd)  satisfies 
Laplace  equation  in  region  d  while  P(r^,p.)  satis¬ 
fies  Helmholts  equation  with  variable  wavenumber  in 
region  d  .  Thus  in  accordance  with  Cauchy’s  residue 
theorem  one  can  write: 

1  r  1 

exp[25'^(%)]  =  - expNS''(w)]dw 

I'm  J  w  -  Wq 


where  connection  between  variables  w  and  d  is  es¬ 
tablished  by  the  same  relations  which  connect  vari¬ 
ables  w  and  d . 

Fig,  6  depicts  region  w  with  closed  contour  placed 
in  this  region.  Extracting  from  closed  contour  pieces 
on  which  P^{pd)  gets  smaller  while  wavenumber  k 
gets  higher  and  integrating  over  these  pieces  one  can 
receive  asympthotic  solution  for  scattered  field: 


N 


n=l 


A. 


27r[5>,,„)] 


xexp[*5''(w,„)- if -f- V-,,]  , 
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where  parameters  and  depend  on  initial  condi¬ 
tions  of  the  problem.  Here  are  saddle  points  of 
function  P^{ipd)  which  are  disposed  on  the  curve 
r^o  •  Curve  r^o  is  common  for  regions  w  and  w  . 

Method  of  generalized  eikonal  makes  it  possible  to 
use  standard  approach  in  wide  range  of  diffraction 
problems  and  leads  to  analytical  solutions  with  rela¬ 
tively  simple  analytical  formulas. 
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Abstract 

The  results  of  the  computer  simulation  of  videopulse  scattering  on  the  conductive 
cylinder  objects  buried  in  inhomogeneous  media  arc  presented  in  this  work  The  fl- 
mte  difference  time  domain  method  (FDTD)  and  Mur’s  absorbing  boundary  condi¬ 
tions  of  second  order  were  used  to  regularize  the  problem.  The  analysis  and  the 
comparison  of  the  scattered  electromagnetic  fields  obtained  at  different  dielectric  pa- 
rameters  of  the  media  and  different  sizes  of  the  conductive  objects  were  carried  out. 

Keywords;  videopulse,  GPR,  computer  simulation,  FDTD-method,  profile. 


1.  Introduction 

The  ground  penetrating  radar  (GPR)  is  of  a  great  in¬ 
terest,  and  continues  to  attract  more  and  more  atten¬ 
tion  all  over  the  world.  The  solution  of  the  problems 
of  detection  and  recognition  of  objects  with  different 
shapes  buried  in  complex  inhomogeneous  dispersive 
and  absorbing  media,  and  the  investigation  of  the 
composition  and  texture  of  the  layered  structures  is  a 
complex  and,  at  the  same  time,  actual  problem  for 
many  spheres  of  the  national  economy  (e.g.  detection 
of  pipes,  cables,  pipeline  breaking,  cavities,  fractures, 
archeological  findings  and  landmines  in  soil).  The 
theoretical  work  in  this  area  is  carried  out  in  two  di¬ 
rections:  the  solution  of  direct  problems  of  pulse  dif¬ 
fraction  by  the  subsurface  objects  and  the  inverse 
problems  of  determining  the  object  shape  and  position 
from  some  existing  echo. 

The  inverse  problem  solution  is  remarkable  in  that 
it  answers  the  question  of  which  shape  and  position 
the  sought-for  objects  have.  However,  the  methods  of 
the  problem  solution  are  only  under  development. 
Therefore,  the  solution  of  the  direct  problems  of  dif¬ 
fraction  takes  on  a  special  significance.  Simulation  of 
the  desired  situations  and  determination  of  regularities 
will  help  to  understand  the  essence  of  existing  proc¬ 
esses  and  give  answers  to  many  questions  of  interest. 


motion  direction 

- ^  air 


Fig.  1.  The  general  geometry  of  the  problem 
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2.  The  Problem  Definition 

The  objective  of  the  given  work  is  to  simulate  the 
process  of  a  continuous  survey  of  a  flat  country  seg¬ 
ment  on  the  way  cross  backfilled  trenches,  which  do 
not  contain  foreign  objects,  as  well  as  ditches  having  a 
bottom  pipeline  (Fig.  I). 

To  simplify  further  analysis  of  the  simulation  re¬ 
sults,  we  used  the  following  assumptions: 

1 .  The  sounded  ground  surface  is  completely  plane; 

2.  The  trench,  in  its  cross-section,  has  a  trapezoidal 
form; 

3.  The  ground  inside  the  trench  is 

•  either  homogeneous,  and  differs  from  the  ground 
outside  the  trench  in  a  higher  or  lower  humidity; 

•  or  inhomogeneous,  and  represents  an  accumulation 
of  ground  blocks  which  differ,  as  in  the  previous 
c^e,  from  the  ground  outside  the  trench  in  their 
dielectric  characteristics. 

The  sounding  electromagnetic  field,  in  the  form  of 
the  Gaussian  pulse  time-derivative  (Fig.  2),  is  excited 
by  the  point  source  located  at  the  height  above  the 
ground.  The  pulse  duration  at  the  level  of  3  dB  equals 
2.5  ns,  and  the  amplitude  is  1  Vpm. 

The  observation  point  is  at  the  height  over  the 
ground  and  at  the  distance  from  the  source. 
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Fig.  3.  a)  Position  of  the  electric  and  magnetic  field 
vector  components  about  a  square  unit  cell 
of  the  Yee  space  lattice; 
b)  Space-time  chart  of  the  Yee  algorithm. 


The  calculation  of  the  scattered  fields  is  carried  out 
by  the  finite-difference  time-domain  method  (FDTD), 
which  is  one  of  the  direct  methods  of  solving  Max¬ 
well’s  differential  equations  [1,2].  This  method  is 
used  in  the  program  Grider,  developed  by  the  author 
of  the  given  work  [3]. 

The  main  ideas  of  the  used  FDTD  method: 

1.  All  the  calculations  are  performed  using  the 
space-time  grid  imposed  upon  the  spatial  and 
time-domains  concerned;  the  grid  cell  sizes,  in 
time  and  space,  are  in  a  special  relationship  pro¬ 
viding  numerical  stability  of  the  algorithm. 

2.  The  spatial  and  time  derivatives  in  Maxwell’s 
differential  equations  are  replaced  by  finite  dif¬ 
ferences. 

3.  Yee  algorithm  realization  [4]. 

The  Yee  algorithm  centers  its  components  E 
and  H  in  the  space  in  such  a  way  that  each  com¬ 
ponent  E  is  surrounded  by  four  circulating  com¬ 
ponents  F,  and  each  component  H  is 
surrounded  by  four  circulating  components  E 
(Fig.  3a). 

The  Yee  algorithm  centers  its  components  E 
and  H  in  time  in  the  so-called  “leapfrog”  order 
(Fig.  3b). 

The  Mur’s  conditions  of  second  order  [5]  are  used  as 
the  absorbing  boundary  conditions.  To  reduce  the  com¬ 
puter  time  and  volume,  we  consider  a  two-dimensional 
spatial  region,  which  should  be  quite  wide  nevertheless, 
in  order  that  the  absorbing  boundary  conditions  could 
not  influence  the  desired  solution. 


3.  The  Obtained  Result  Description 

In  the  course  of  the  simulation,  we  examined  several 
types  of  the  ground  inside  and  outside  the  trenches  as 
well  as  the  bottom  pipelines  with  different  diameters. 
Some  of  the  most  noteworthy  and  significant  results 
are  shown  in  Tables  1  and  2.  The  medium  characteris¬ 
tics  and  object  sizes  are  specified  for  every  case  in 
these  Tables. 

In  the  given  examples  the  source  is  at  the  height 
hi  =  25  cm  above  the  ground,  and  the  distance  be¬ 
tween  the  source  and  the  point  of  observation  is 
^2  =  60  cm.  The  observation  interval  is  30  ns  in  all 
of  the  cases.  The  radar  probing  is  carried  out  over  the 
ground  spot  with  length  of  2.80  m,  and  with  some 
structure  of  interest  in  the  center  (Fig.  1).  The  number 
of  the  signals  falling  down  over  this  length  equals  35. 

The  data  visualization  method  utilizes  the  profiles 
plotted  by  means  of  the  variable  density  method  [6], 
The  color  scale  used  to  show  the  profile  is  repre¬ 
sented  in  Fig.  4. 

The  zero  level  of  the  signal  amplitude  is  repre¬ 
sented  by  the  gray  color,  the  negative  amplitude  from 
0  to  -1  is  shown  by  the  light  shades  up  to  the  white, 
the  positive  amplitude  from  0  to  1  -  by  the  dark 
shades  up  to  the  black. 

The  profile  images  were  obtained  by  means  of  the 
georadar  data  processing  program  GPR  ProView  [7]. 

The  data  processing  itself  included  only  subtraction 
of  a  chosen  signal  (one  of  the  first  three  signals)  from 
the  whole  profile. 

It  follows  from  Table  1 : 

1.  The  profiles,  which  represent  empty  trenches,  are 
characterized,  first  of  all,  by  the  distinct  reflections 
from  its  upper  and  bottom  boundaries.  In  the  pre¬ 
sented  cases,  the  side  boundaries  are  hardly  notice¬ 
able. 

2.  The  reflection  pattern  depends  essentially  on  the 
ground  humidity  in  the  trench: 

•  If  the  ground  humidity  in  the  trench  is  lower 
than  the  ground  humidity  out  of  it  (Fig.  5. La, 
Fig.  5. 2 .a),  the  trench  bottom  boundary  is  repre¬ 
sented,  in  the  profile,  by  the  hyperbolic  reflec¬ 
tion,  which  is  rather  oblate  at  the  top  on  the  frill 
width  of  the  ditch. 

•  If  the  ground  humidity  in  the  trench  is  higher 
than  the  ground  humidity  out  of  it  (Fig.  S.l.b, 
Fig.  5.2.b),),  the  trench  bottom  boundary  is  rep¬ 
resented  in  the  profile  by  a  more  bright,  than  in 
the  first  case,  almost  plane  reflection. 

In  this  case  the  ditch  is  a  good  resonator,  there¬ 
fore  the  “ringing”  responses  following  the  bot¬ 
tom-boundary  reflection  are  clearly  seen  in  the 
presented  profiles. 

3.  Because  of  the  media  with  different  permittivity, 
the  upper-boundary  reflections  come  at  different 
speed:  they  arrive  faster  in  the  ground  with  lower 
humidity  (Fig.  5.  La,  Fig.  5.2. a),  and,  respectively, 
they  arrive  slower  in  the  ground  with  higher  hu¬ 
midity  (Fig,  5. Lb,  Fig.  5.2.b). 
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Table  1.  Trenches  without  conductive  objects 


1.  Homogeneous  trench. 
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Fig.  5.2.a 
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Fig.  4.  The  color  scale 


d||  =  80  cm, 
dll,  =  60  cm, 
da  =  60  cm; 
ei  =  I, 

E2  =  9, 

63  =  6; 
O|=0, 

02  =  0.005, 
03  =  0.005; 
Mi=M2=H3=I; 


d|,  =  80  cm, 
d|t,  =  60  cm, 
di  =  60  cm; 
£1=1, 

£2  =  9, 
£3=12; 

0|  =  0, 

02  =  0.005, 
03  =  0.005; 
t‘i=H2=M3=l; 


Fig.  5.2.b 


4.  In  case  that  the  trench  is  backfilled  with  ground 
blocks,  reflections  between  its  upper  and  bottom 
boundaries  have  an  explicitly  random  nature. 

In  case  of  trenches  with  a  bottom  iron-pipe,  we 

have  obtained  the  following  results  (Table  2); 

1 .  The  reflection  from  the  upper  boundary  of  the 
trench  is  clearly  seen  for  trenches  of  different 
kinds; 

2.  The  reflection  from  the  pipe  surface  in  the  form  of 
the  classical  or  a  little  distorted  hyperbola  is  clearly 
seen  for  trenches  of  different  kinds; 

3.  Reflections  from  the  bottom  boundaries  of  trenches 
are  overlapped  by  the  reflection  of  a  much  higher 
amplitude  from  the  pipe; 

4.  Reflections  from  the  pipes  with  different  diameters 
differ  in  their  intensity  and  curvature  of  the  hyper- 
jjolic  curve  (the  larger  diameter  the  higher  in  the 
intensity  and  the  slighter  in  the  curve). 


Thus,  we  can  conclude  that  the  profiles  which  rep¬ 
resent  the  trenches  of  different  kinds  with  the  bottom 
pipes  inside  are  characterized,  first  of  all,  by  a  clearly 
visible  reflection  from  the  upper  boundary  of  the 
trench  and  by  the  intence  hyperbola  from  the  pipe. 

4.  Conclusion 

The  considered  above  investigations  will  help  to  in¬ 
terpret  a  wave  pattern,  been  obtained  in  the  course  of 
georadar  ground  investigations. 

The  presented  results  can  be  used  as  a  sample  for 
recognizing  such  objects  as  regions  with  a  disturbed 
ground  structure  (trenches,  ditches,  pits),  with  or 
without  a  bottom  pipe. 
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Table  2.  Trenches  having  a  bottom  pipeline 


1 .  Homogeneous  trench 
with  a  bottom  pipe. 
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2,  Trench  with  a  bottom 
pipe  and  backfilled  with 
blocky  ground. 
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Abstract 

On  the  basis  of  a  method  of  the  integral  equations  of  macroscopic  electromaenet- 
ics  concerning  a  uniaxial  anisotropic  medium  the  task  of  electromagnetic  waves  scat¬ 
tering  of  by  a  single  wire  and  system  of  two  parallel  thin  linear  wires  arbitran' 
situated  relatively  the  axis  of  anisotropy  of  the  medium  is  considered.  From  integral 
equations  of  electromagnetics  the  singular  integral  equations  for  density  of  currents  is 
received  and  it  is  solved  by  a  method  of  partial  averaging.  The  analytical  expressions 
tor  the  electromagnetic  fields  and  radiated  power  in  far  zone  are  obtained. 

Keywords:  linear  wire,  current,  electromagnetic  fields,  anisotropic  medium. 


1.  Radiation  OF  THE  Linear  Wire  IN 
Anisotropic  Medium 


The  task  posing.  In  an  anisotropic  medium  (mono¬ 
crystal,  plasma),  described  by  permittivity  tensor  i 


e 


'ei  0  o' 
0  0 
0  0  eg  ^ 


under  any  angle  7  to  the  axis  of  anisotropy  (optical 
axis,  OZ  axis),  the  thin  linear  wire  of  length  2L ,  ra¬ 
dius  b ,  and  complex  surface  impedance  Z  is  located. 
One  has  to  find  the  distribution  of  the  current,  the 
electromagnetic  fields  of  radiation  and  the  density  of 
the  power  stream  in  far  zone  at  a  symmetric  excitation 
of  the  wire,  and  to  determine  the  conditions  of  the 
effective  transfer  of  energy  from  the  wire  to  medium. 

The  solution  of  the  task  is  carried  out  within  the 
framework  of  a  method  of  the  integral  equations  of 
macroscopic  electromagnetics.  It  is  shown  that  for  any 
orientation  of  the  wire  the  electromagnetic  field  in  far 
zone  represents  two  waves  —  the  ordinary  and  unordi- 
naiy  ones.  In  the  specific  case  of  a  wire  parallel  to  the 
axis  of  anisotropy,  the  electromagnetic  field  is  charac¬ 
terized  only  by  the  unordinary  wave.  With  a  symmet¬ 
ric  excitation  of  the  wire  the  power  pattern  in  a  plane 
perpendicular  to  axis  of  the  wire,  as  well  as  in  an  iso¬ 
tropic  medium,  represents  a  circle  whose  radius  is 
defined  by  the  length  of  the  wire  and  the  equivalent 
permittivity 


(7)  =  yleaSm^J  -I-  £iCOS^7  X 

+  eicos'^ycos^  7  +  T^sin^  7} 

Thus,  the  anisotropy  of  the  medium  alters  the  pattern 
shape  only  in  the  plane  containing  the  wire.  The  effect 


of  the  anisotropy  of  the  medium  on  the  patterns  is  a 
change  in  the  level  of  the  radiating  power,  in  width  and 
quantity  of  the  lobes,  a  redistribution  of  the  energy 
from  one  lobe  to  others;  and  is  largely  dependent  on  the 
length  of  the  wire  and  its  orientation  in  the  medium. 
For  example,  for  the  wire  located  along  the  axis  of  ani¬ 
sotropy,  the  change  of  the  component  in  tensor  i 
does  not  result  in  a  change  of  the  number  of  lobes  in 
the  pattern.  At  a  deviation  of  the  wire  from  this  axis, 
the  number  of  lobes  in  the  pattern  alters;  which  is 
caused  by  the  dependence,  in  these  cases,  of  the  period 
of  the  function  of  the  current  distribution  in  the  wire 
versus  .  In  the  impedance  wire,  the  essential  influ¬ 
ence  on  it  pattern  is  performed  by  values  of  the  real  and 
imaginary  parts  of  a  surface  impedance.  The  presence 
of  the  imaginary  part  renders  the  same  influence  on  the 
pattern,  as  well  as  the  variation  of  length  of  the  wire, 
the  anisotropy  of  the  medium  or  the  orientation  of  the 
wire  in  this  medium.  The  real  part  of  the  surface  im¬ 
pedance  of  the  wire,  caused  by  the  thermal  losses,  re¬ 
sults  in  the  disappearance  of  zero  in  the  pattern  of  the 
wire,  both  in  an  isotropic  and  in  an  anisotropic  medium. 

2.  System  of  Linear  Wires  in 
Anisotropic  Medium 

2.1.  Parallel  Wires 

The  task  posing.  In  an  anisotropic  medium,  two  paral¬ 
lel  thin  linear  wires  and  a  component  any  angle  7 

with  an  axis  of  anisotropy  are  located.  The  lengths  of 
wires  are  21, ,  2L2 ,  the  radiuses  61 ,  .  the  distance 

in  between  is  d .  One  has  to  find  the  distributions  of 
currents  in  each  wire,  electromagnetic  fields  of  radia¬ 
tion  and  density  of  a  stream  of  power  in  far  zone. 

It  is  shown  that  the  anisotropy  of  the  medium  es¬ 
sentially  alters  the  dependence  of  an  input  current  (or 
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the  distribution  of  it)  in  one  wire  against  the  length  of 
other  wire,  and  against  the  distance  d  between  the 
wires.  The  effect  of  the  anisotropy  shows  up  in  the 
change  of  the  amplitude  and  period  of  these 
characteristics,  which  also  depend  on  the  orientation 
of  system  of  the  wires  concerning  the  axis  of 
anisotropy.  The  influence  of  the  anisotropy  of 
medium  and  of  the  orientation  of  wires  in  the  medium 
on  a  period  of  function  of  distribution  of  currents 
established  in  each  wire,  is  united  in  itself  by  such 
integral  characteristic,  as  equivalent  permittivity  of 
medium  .  In  wires  located  under  angle  7  in 

uniaxial  anisotropic  medium,  the  distribution  of  a 
current  is  established,  which  the  space  period  is  the 
same  as  it  were,  if  the  wires  were  placed  in  an 
isotropic  medium  with  permittivity  e  —  Seq. 

It  is  known,  that  for  wires  located  in  isotropic  me¬ 
dium,  the  amplitude  of  an  input  current  of  each  wire  is 
a  periodic  damped  function  of  distance  d  between 
wires.  In  anisotropic  medium  the  character  of  this 
dependence  is  kept  up,  but  not  for  distance  d ,  and  for 
some  equivalent  distance  d^q ,  including,  apart  from 

distance  d ,  the  dielectric  parameters  ei,  £3  of  ani¬ 
sotropic  medium  and  orientation  of  wires  in  this  me¬ 
dium.  For  example,  for  wires  laying  in  one  plane  with 
an  axis  of  anisotropy,  d^q  has  the  form 

dlq  —  .  By  each  concrete  system  of  wire 

with  the  given  geometry  in  anisotropic  medium  can 
put  in  conformity  some  equivalent  antenna  system  in 
isotropic  medium,  by  choosing  in  appropriate  way  its 
geometrical  sizes  (this  conclusion  concerns  only  the 
currents,  instead  of  the  fields  of  radiation). 

The  electromagnetic  field  of  antenna  system  in  far 
zone  represents  ordinary  and  non-ordinary  waves.  The 
pattern  on  power  in  a  plane,  perpendicular  to  wires 
does  not,  practically,  depend  on  the  anisotropy  of  me¬ 
dium.  Anisotropy  has  essential  influence  on  the  pat¬ 
terns  in  the  plane  of  wires.  The  character  of  this 
influence  is  equivalent  to  change  of  distance  between 
wires  and  depends  on  orientation  of  wires  in  medium. 

2.2.  Perpendicular  Wires 

The  problem  posing.  In  a  uniaxial  anisotropic  medium 
two  thin  mutually  perpendicular  antennas  of  arbitrary 
length  are  placed,  where  7  is  the  angle  between  the 
axis  of  the  first  antenna  and  the  axis  of  the  anisotropy 
of  medium.  The  antennas  do  not  cross  (have  no  com¬ 
mon  points).  It  is  necessary  to  find  the  distribution  of 
current  in  each  antenna. 

The  solution  of  the  problem  is  obtained  on  the  ba¬ 
sis  of  a  method  of  integral  equations  of  electromag¬ 
netics.  The  system  of  the  integral  equations  for 
currents  is  solved  by  averaging.  The  simple  expres¬ 
sions  for  currents  are  obtained  at  symmetric  excitation 
of  antennas. 

It  is  shown,  that  the  period  distribution  of  a  current 
in  each  antenna  is  determined  by  an  equivalent  permit¬ 


tivity  £^5  (7).  Parameter  £6^  (7)  varies  for  each  an¬ 
tenna,  as  it  is  determined  not  only  by  the  permittivity  of 
medium,  but  also  by  the  orientation  of  the  antenna  con¬ 
cerning  the  axis  of  anisotropy  of  medium.  Hence,  in 
two  identical  antennas,  the  different  distributions  of 
current  are  established.  The  distribution  of  the  current 
in  the  first  antenna  corresponds  to  the  distribution  of 
current  in  the  antenna  working  in  an  isotropic  medium 
with  permittivity  £e^  (7) ;  and  the  distribution  of  cur¬ 
rent  in  the  second  antenna  corresponds  to  the  distribu¬ 
tion  of  current  in  the  antenna  working  in  the  isotropic 
medium  with  permittivity  £e^  (7  +  90° ) .  Thus,  the 

distribution  of  currents  are  established  in  the  antennas 
as  if  those  worked  in  various  media. 

It  is  well  known  that  two  perpendicular  antennas  in 
an  isotropic  medium  have  no  effect  on  the  current  in 
each  of  them.  In  an  uniaxial  anisotropic  medium,  a 
variation  of  distance  between  the  perpendicular  an¬ 
tennas  results  in  a  change  of  the  amplitudes  of  current 
in  the  antennas,  when  the  orientation  of  antennas  does 
not  coincide  with  the  axis  of  anisotropy  of  the  me¬ 
dium.  If  one  of  the  antennas  is  focused  along  the  ani¬ 
sotropy  axis,  the  variation  of  distance  between  the 
antennas  does  not  affect  the  distribution  of  current  in 
them.  The  obtained  result  can  be  used  for  the  reveal¬ 
ing  (indication)  of  the  anisotropy. 

3.  Conclusion 

The  anisotropy  of  medium  essentially  alters  all  the 
characteristics  of  antennas.  The  functions  of  distribu¬ 
tion  of  the  currents  along  the  antennas  is  determined 
by  the  equivalent  permittivity  e^q  and  the  equivalent 

distance  between  antennas  d^,q ,  which  depend  on  the 
values  of  components  £1 ,  £3  of  the  permittivity  ten¬ 
sor  and  on  the  orientation  of  the  antenna  system  in  the 
medium  (angle  7).  Hence,  these  factors  determine 
the  shape  of  patterns.  It  is  possible  to  arrive  at  the 
conclusion  on  the  two  ways  of  the  design  of  the  an¬ 
tennas:  the  electrical  (varying  the  working  frequency, 
that  is  £1(0;),  £3(0;))  and  the  mechanical  (varying 
the  orientation  in  the  medium).  It  is  known  that  if  one 
of  the  components  of  the  permittivity  tensor  is  nega¬ 
tive;  then  with  a  certain  orientation  of  the  antenna 
system  relatively  to  the  axis  of  anisotropy,  the  current 
in  the  perfectly  conducting  antenna  is  not  excited.  The 
excitation  of  significant  currents  in  the  impedance 
antenna  in  this  case  is  possible,  provided  that  the  sur¬ 
face  impedance  is  selected  so  that  it  does  compensate 
the  reaction  of  the  surrounding  plasma.  If  one  puts 
£1  =  £3  in  the  expressions  for  the  fields  of  radiation 
and  currents,  we  obtain  the  appropriate  formulas  for 
the  isotropic  medium.  By  removing  one  of  the  wires 
to  infinity,  we  obtain  the  formulas  for  the  single  wire. 

Thus  in  the  present  work,  a  high  efficiency  of  the 
method  of  integral  equations  is  shown  up;  which  has 
enabled  us  to  have  solved  the  problem  of  the  excita¬ 
tion  of  two  linear  wires  in  an  anisotropic  medium. 
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Abstract 

The  analytical  and  numerical  method  for  solving  a  problem  of  electromagnetic 
waves  scattering  on  a  complex  slotted  perfectly  conducting  conical  structure  is  pro¬ 
posed.  This  method  uses  the  Kontorovich-Lebedev  integral  transforms  and  the  semi¬ 
inversion  method.  By  virtue  of  it  the  3-D  scattering  problem  is  reduced  to  solving  al¬ 
gebraic  equations  system  of  the  second  kind.  The  analytical  solution  is  obtained  for  a 
single  semi-transparent  cone.  The  applying  this  method  for  solving  an  excitation 
problem  for  an  imperfectly  conducting  cone  is  discussed. 

Keywords:  complex  cone  antenna,  integral  transforms,  semi-inversion  method, 
analytical  solutions,  imperfectly  conducting  cone. 


1.  Introduction 

The  separable  variables  method  is  the  traditional  one 
for  solving  electromagnetic  boundary  problems.  Us¬ 
ing  the  Kontorovich-Lebedev  integral  transforms 
simplifies  solving  boundaries  problems  for  the  wave 
equation  in  homogeneous  cone  region  (an  isotropic 
cone)[l].  Solutions  of  excitation  problems  for  spiral 
and  radial  conducting  cones  have  been  obtained  by 
these  transforms  in  [2],  The  method  for  solving  elec¬ 
tromagnetic  boundary  problems  for  3-D  slotted  coax¬ 
ial  cone  structures  is  proposed.  This  one  is  based  on 
using  the  Kontorovich-Lebedev  integral  transforms 
and  the  semi-inversion  method  that  was  applied  to 
investigating  difiraction  problems  for  2-D  unclosed 
screens  [3], 

2.  Statement  OF  THE  Problem 

The  cone  structure  E  under  consideration  consists  of  two 
perfectly  conducting  thin  circular  infinite  cones  Ej  and 
E2  (E  =  E]  U  E2 )  with  a  common  tip  and  periodical 
longitudinal  N  slots.  We  denote  by  2-)^  the  opening 
angle  of  the  cone  E_,  (  j  =  1;  2 ),  by  /  =  27r/Af ,  the  pe¬ 
riod  of  the  cone  E^ ,  by  dj  the  slot  width  of  the  cone  Ej . 
In  the  spherical  coordinate  system  r,6,tp  (the  cones  tip 
coincides  with  the  origin)  the  cone  E^  is  defined  by  the 
equation  0  =  ■y^  .  The  field  source  (a  harmonic  dipole)  is 
located  at  tfie  point  Mu  (fq  ,  0o  .  V’o  )  • 


The  total  electromagnetic  fields  those  are  sought 
satisfy  Maxwell  equations,  the  boundary  conditions  at 
the  perfectly  conducting  cone  structure,  infinity  condi¬ 
tions,  the  condition  of  finite  stored  energy.  The  elec¬ 
tromagnetic  fields  may  be  written  in  terms  of  two 
scalar  Debye  potentials  (an  electrical  potential) 
and  (a  magnetic  potential)  which  satisfy: 

•  the  scalar  homogeneous  3-D  Helmholtz  equation 
AttW(r)  -  9V'''(r)  =  0,  s  =  1;2; 
where  r  €i?^\Ej,r=eri):  g  =  —ik  is  for  the  time 
dependence  e"^,  q^ikh  for  the  time  depend- 
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ence  ,  A:  is  a  wave  number; 

•  the  boundary  condition 

0) 

•  the  principle  of  ultimate  absorption; 

•  the  condition  of  finite  stored  energy. 

Define  the  Debye  potential  of  the  total  electric 

or  magnetic  field  as 

-j-  ^ 

where  correspondences  the  field  in  the  absence 

of  the  cone  structure,  is  the  Debye  potential  for 
the  scattered  field. 

The  method  of  the  Kontorovich-Lebedev  integral 
transforms 


G<r)=  / 


per) - — — dr, 

Vr 


gcry  =  J'  TShTTTG{T) 


Kiriqrh 


is  an  effective  one  for  solving  boundary  problems 
with  cone  geometries.  By  following  the  method  de¬ 
veloped  in  [4]  we  represent  the  potential  in  the 
form  of  the  the  Kontorovich-Lebedev  integral  (2),  (3) 

4-00 

>>=  4 

^  J  ^  Vf 


U,nr  = 


E  (cos0)e«"‘+"^)^O  <  0  <  7i 

VJ.=— oc 
+OC 

=:  ■  n——oc 

+  (-cos0)]e-<’"+"'^)^7i  <  ^  <  72, 

+00 

E  CJ^^-V2+ir(-‘=os^)e'("‘+’*^)^72 

.n=— oc 

is  the  Macdonald  function,  P^/2+tr  (cos^) 

is  the  Legendre  function,  are  given  ( p  =  1  is 
for  ^0  <  7i  and  p  =  2  is  for  72  <  ^0 )  coefficients, 

a,™.  Atl  Ann  are  unknown  coefficients. 

After  using  boundary  conditions  (1)  and  field  conti¬ 
nuity  across  the  slots  we  obtain  the  following  two  cou¬ 
pled  systems  of  dual  series  equations  for  coefficients 
(unknown  coefficients  are  expressed  via  z\^J ): 


+00 

n—-oo 

+00 

E  [Ar(n  +  i/)p*’— (l-4^)x 

7l=-00  ^ 

_  slotsof  E_j  ,(6) 

4^;^  (71,72  )f =  0, 

is  defined  by  the  source  field,  ^  =  tuq  +  u , 
mo  is  the  nearest  to  m/N,  ~y2<i/<y2, 
xc5)  =  (^ir', 

It  should  be  noted  that  system  coefficients  inde¬ 
pendence  on  the  wave  parameter  q  guarantees  un¬ 
known  coefficients  independence  on  this  parameter. 
Investigation  of  the  large- index  behavior  of  the  ele¬ 
ments  eif  reveals  that 

For  the  cone  surface  consisting  of  a  slotted  cone 
and  an  isotropic  one,  a  symmetric  bicone  structure 
(72  =  tt  “  7i ),  a  single  cone  ( Ej  or  E2 )  coupled 
systems  of  duel  series  equations  (5),  (6)  become  de¬ 
coupled. 

For  the  single  cone  S2  that  is  excited  by  a  mag¬ 
netic  dipole  (72  <  ^0 )  duel  series  equations  are  trans¬ 
formed  to  the  following  ones  (5  =  2,i  =  2,p  =  2) 

4-00 

<  |iVv)|  <  7r,(8) 

n=— 00 
4-00 

J]  ^(1  -  =  0  ,|iV^|  <  TTd^//  ,(9) 

n=—oo 

provided  that 

=  <"» 

Function  equations  (8)-(10)  can  be  reduced  to  an  infi¬ 
nite  linear  algebraic  equations  systems  of  the  first 
kind  like  these 

Ax  =  h,  (11) 

The  solution  of  (11)  can  be  unstable.  That  is  why 
one  should  find  another  way  to  solve  it.  It  is  the  semi¬ 
inversion  method,  which  was  successfully  applied  to 
investigating  2-D  electromagnetic  difiraction  prob¬ 
lems  [3].  By  using  this  method  we  obtain  an  infinite 
linear  algebraic  equations  system  of  the  second  kind 

{I^B)x  =  h,  (12) 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  1 59 


Vladimir  A.  Doroshenko 


where  5  is  a  compact  matrix  operator  in  the  space 
£  ,  X  E  ^  b  E  .  Hence,  the  needed  solution  ex¬ 
ists,  is  unique  and  can  be  approximated  by  solving  a 
truncated  matrix  equation.  For  semi-transparent  cones, 
narrow  slots,  narrow  conic  strips  the  operator  norm  is 
less  than  the  unity,  ||B|||^2<  1,  and  the  solution  of 

the  system  (12)  can  be  also  derived  with  the  iteration 
method  [3, 4]. 

The  main  feature  of  the  considered  boundary  prob¬ 
lem  is  independence  of  the  boundary  problem  spec¬ 
trum  on  the  wave  parameter  q .  This  is  caused  by  the 
specific  geometry  of  the  problem. 


3.  Results 

'For  a  single  semi-transparent  cone  E2  (a  model  of  a 
wire  cone  antenna)  that  is  excited  by  a  radial  magnetic 
dipole  and  is  defined  by  existence  of  the  limit 

=  (13) 


the  Debye  potential  is  represented  in  the  form 

/2)  =  ^(2).i  0<e  <J2  (14) 

-‘0,92),  72  <  0  <  7r(15) 

+  OC 

-  —  f  Tsh7rTg{6,(p)^"  dr , 

g{e,ip)=  "T  - X 

'  d 

^^-y2+.T(cos72) 

^^’-y2+,r(-COS72) 

■P-1/2+, >  (-cos 00  )P:[/2^ir  ((-1)'  COS0)e"''^; 


a,„r,  are  given,  <  =  1;2;  v^l,  is  the  Debye 

potential  for  total  fields  scattered  by  an  isotropic  per¬ 
fectly  conducting  cone  (a  cone  with  no  slots), 
p(2).<r  (r,0,y?)  is  caused  by  presence  of  the  slots. 

If  W  — ►  +00  then  the  semi-transparent  (13)  be¬ 
comes  an  isotropic  perfectly  conducting  cone  and  the 
limiting  expression  for  (14),  (15)  coincides  with  the 
solution  for  an  isotropic  perfectly  conducting  cone  [I  ], 


The  potential  satisfies  the  average  boundaiy^ 
condition 


^l,=C(?)|.«>|lc. 


c(?)  = 


4rIFsin72 


(16) 

(17) 


The  boundary  condition  (16)  can  be  treated  as  the 
third  modified  boundary  condition.  Thus,  the  solution 
for  this  type  of  a  semi-transparent  cone  can  be  ob¬ 
tained  by  solving  the  third  modified  boundary  prob¬ 
lem  for  an  infinite  circular  cone  which  surface 
properties  is  defined  by  the  parameter  ^(r )  (17).  The 

boundary  conditions  like  (16)  are  met  in  wave  diffrac¬ 
tion  on  resistive  structures. 


4.  Conclusion 

The  method  for  solving  the  electromagnetic  boundary 
problem  for  a  complex  perfectly  conducting  slotted 
cone  have  been  presented.  This  one  exploits  the  Kon- 
torovich-Lebedev  integral  transforms  and  the  semi¬ 
inversion  method.  By  virtue  of  using  this  method  the 
original  problem  is  reduced  to  solving  the  linear  alge¬ 
braic  equations  system  for  Fourier  coefficients  of  scat¬ 
tered  field  components.  Analytical  solutions  have 
been  derived  for  a  semi-transparent  cone.  Taking  into 
consideration  results  obtained  one  can  conclude  that 
this  method  is  also  applicable  to  solving  wave  diffrac¬ 
tion  problems  for  resistive  cone  surfaces. 
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Abstract 

The  problem  of  radiation  of  the  coupled  horizontal  wire  antennas  with  a  specified 
current  distribution,  located  near  to  a  planar  interface  between  two  media  is  consid¬ 
ered.  Expressions  for  evaluation  of  a  mutual  impedance,  mutual  radiation  resistance 
and  mutual  resistance  of  losses  between  dipoles  above  the  ground  are  obtained.  The 
results  of  numerical  evaluations  of  the  mutual  resistances  between  two  half-wave  di¬ 
poles  as  functions  against  a  distance  between  them  are  presented  in  graphical  form. 

Keywords:  wire  antennas,  mutual  impedance,  radiation  resistance,  resistance  of 
losses,  interface  between  two  media,  imperfect  ground. 


1.  Introduction 

The  impedance  approach  to  the  analysis  of  antenna 
arrays  is  an  effective  means  of  investigating  various 
wire  antenna  systems  [1].  It  allows  to  present  all  pow¬ 
ers,  associated  with  a  radiating  system,  as  an  Hermi- 
tian  forms,  coefficients  of  which  are  the  appropriate 
mutual  resistances  between  radiators  and  variables  are 
complex  amplitudes  of  the  input  currents  [2,  3].  It 
enables  simply  to  analyze  power  characteristics  of  the 
antenna  arrays,  in  particular  an  antenna  gain,  a  radia¬ 
tion  efficiency  and  a  polarization  losses  factor.  The 
impedance  approach  is  especially  favorable  when  it  is 
necessary  to  folfill  the  multiple  analysis  of  an  antenna 
array  at  various  distributions  of  the  inputs  currents 
exciting  of  the  radiators.  Such  cases  arise,  for  exam¬ 
ple,  in  the  phased  antenna  arrays  at  a  beam  scanning. 
It  appears  also  effective  and  at  solving  problems  of 
optimizing  the  antenna  arrays  excitation  for  achieve¬ 
ment  of  any  power  parameters  maxima  [4].  A  neces¬ 
sary  condition  for  application  of  the  impedance 
approach  to  the  analysis  of  a  concrete  antenna  system 
is  presence  of  the  convenient  mathematical  expres¬ 
sions  or  an  acceptable  procedure  for  calculation  of  the 
mutual  resistances  between  the  array  elements. 

In  full  measure  all  of  mentioned  above  can  be  ap¬ 
plied  to  the  antenna  arrays  located  near  to  the  interface 
between  two  media.  Unfortunately,  methods  of  calcula¬ 
tion  of  the  mutual  resistances  between  elements  of  such 
arrays  are  developed  not  so  well,  as  in  a  fi*ee  space.  In 
works  [5,  6]  the  calculation  procedure  of  the  mutual 
resistances  between  the  vertical  dipoles  [5]  and  be¬ 
tween  the  horizontal  Hertzian  dipoles  [6]  located  above 
interface  is  described.  This  paper  presents  a  technique 
for  calculation  of  the  mutual  impedance  (including  its 
components:  the  mutual  radiation  resistance  and  mutual 


resistance  of  losses)  between  two  horizontal  linear  ra¬ 
diators  with  specified  current  distributions,  located 
above  the  interface  between  two  media. 

2.  Theory 

2. 1 .  STATEMENT  OF  THE  PROBLEM 

Let’s  consider  radiation  of  two  linear  wire  antennas  1 
and  2,  located  in  the  infinite  space  divided  in  two  by  a 
plane  z  =  0  (Fig.  1).  Upper  the  half-space,  where 
antennas  are  located,  contains  a  medium  1  which  is  a 
perfect  dielectric  (conductivity  =  0 ,  permittivity 
Si ,  permeability  jii ),  and  the  medium  2,  that  fills  the 
lower  half-space,  has  the  parameters  Th^ 

wire  1  (2)  has  a  length  {L^X  its  axis  is  placed  in  a 
plane  z  =  {z  =  Z2)  and  is  rotated  through  the 
angles  (<^2)''^ith^'®specttothe  a: -axis. 

Let  a  driving  point  Qi  of  antenna  1  is  on  the  - 
axis,  and  a  driving  point  Qi  of  antenna  2  has  coordi¬ 
nates  X2^y2)Z2 .  The  antennas  are  excited  by  harmonic 
currents  with  complex  amplitudes  I12  (a  time  de- 


Fig.  1.  Geometry  for  a  radiating  system 
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pendence  is  assumed).  In  this  case  the  current 
distribution  along  the  wires  can  be  written  in  form: 

hAO  =  fiVi!2Xi.2(0  5 

where  Xi.aCO  normalized  functions  of  the  current 
distributions;  =  J®cosy?i^2  +27°siny>i2  are  the 

unit  vectors  of  the  wire  axes;  are  basis  vec¬ 

tors  of  the  Cartesian  frame. 

We  restrict  our  attention  to  the  mutual  impedance 
Zi2  between  these  antennas,  and  possibility  to  split 
its  real  part  into  the  mutual  radiation  resistance  ^^12 
and  the  mutual  resistance  of  losses  • 

/I12  =  ^^(^12)  =  SRi:i2  +  • 

The  resistances  of  radiation  are  some  kind  of  meas¬ 
ures  of  the  useful  power  ,  which  an  antenna  system 
radiates  into  the  upper  half-space,  and  the  resistances 
of  losses  are  measures  of  its  power  of  losses 

which  transfers  into  the  lower  half-space  and  is  scat¬ 
tered  in  medium  2. 

2.2.  Problem  SOLUTION 

2.2.  /.  Fields  Representation . 

The  strengths  of  electric  and  magnetic  fields  in  the 
upper  half-space  due  to  dipole  n  (n  =  1,2)  may  be 
written  as  the  sums: 

E,,  =.  ET  +  ,  H,  =  ,  (1) 

where  the  augends  correspond  to  a  case,  when  the 
medium  2  is  an  perfect  conductor  (^2  — ►  00 ),  and  the 
addends  are  the  correction  terms  which  are  taking  into 
account  real  parameters  of  the  lower  medium. 

We  present  the  electromagnetic  field  due  in  the  up¬ 
per  half-space  to  the  n  -th  wire  as  a  spectrum  of  pla¬ 
nar  waves  [7]  and  separate  out  the  correction  terms 

and  A#„  [6]: 

oc  oc 

^^nx.y.z=J  J  du^di/y ,  (2) 

-OC  -QC 
OC  OC 

T.y.Z  =  J*  J*  A  hji  y  y  2  e  dUy  dUy  ,  (3) 


A/l,,  y  - 

T/'  *e« 

8?- 

272^1  _ 


^xVy{Tt  -  T,,) 


T  =  12^1  rp 

'  71^2  +  72^1  ’  " 


=  272M1 

7i/^2  +  72^1 
27j^2 


where 

Ae„ 


Ae,,  ^  =  jZo^K,, 

A/l,j  J:  ~  Kjj 

Ac,,  y  =  jZQlK„ 


t^x^yblT,  +  7;,) 


f  _  27ie2  .  ^  27,^2 

71^2  +  72^^i  ’  ''  7i/^  +  72M1  ’ 

=  jkiiy^x  +  juyv)  +  -y^z ; 

j^liyx^n  j^yVii}  ~  7i^m  5 
*1,2  =  ;  71,2  =  -  kli  ; 

I'  =  yjul  4-  ;  £1.2  =  £1,2(1  -  jai-i  /w£i,2)  . 

4  „  is  effective  length  of  wire  antenna  n  ;  s„(a,  i/)  is  a 
spectral  density  flinction  of  the  current  in  wire  n  ,  viz. 

=  -L  f  d^ .  (4) 

4;i  y 

In  particular,  for  a  dipole  antenna  having  the  sine- 
wave  current  distribution,  viz.: 

[sinfci(/,  -h  ^)/smA:i^,  -li  <  ^  <  0; 

|sinA:i(/i  -  ^)/ 0  <  {  <  4, 

the  function  5„(q,i/)  can  be  written  as: 

„  cos[ixkd,  cos(a  -  <Pi)]  -  cosA:i4 

’  [1 -i/'^cosV -¥>.)](!- cos iti/i)-^^^ 

2.2.2.  Mutual  Resistances 

The  mutual  impedance  between  wire  antennas 
m  and  n  can  be  estimated,  using  the  induced  EMF 
method,  viz. 

z„„,=~  fE„txliOd^  = 

i 

1  r/-  - 

=  --J{E^+  AE„  )Cx,ACd4  -  2;;^,  +  AZ.„„ 

"  4, 

To  find  the  addend  we  substitute  (2)  -  (3)  into  (6). 
After  needed  manipulation  a  result  can  be  expressed 
in  the  following  manner: 

A  7  _  ^01^1  4  7»4  71  r  /  *  m  r  /  \ 

~  -3 - - J  (7iZ  •  /.(l/)  - 

1  -  / 


*i7i(t'x  +1^1) 

where 

hif) 

kllWl  +  I'y)  ’ 

-  l'x^%  . 

fcosi 

*l7l(^'?  +  I^y) 


\  r  III  /  S'"  T'Ji  /  , 

.  f'Pmu  COS(0  -  . 

sin(a  -  v’m)sin(a  -  V5„)J 

P’lm  ~  ~  4)''  +  (2/111  ~  ViiY  > 
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_ 4.^yin  Vn 

^mn  =  arctg - —  . 

-  Vn 

To  avoid  the  numerical  integration  in  (7),  we  repre- 
sent  a  product  ■  s„(u,a)  in  (8) 

as  a  Fourier  series: 


S,nn{v,a)  =  +  E(  a.i  sin  ia  +  bi  cos  ia) .  (9) 


i=l 


Using  (9),  equation  (8)  reduces  to  the  following  form: 
4(i/)]  [cosv^'jcosv?' 1 

, , .  =coUuy  .  ,  .  ,  + 

+  -  V’n)  =F  ^C0S(V5,'„  +  V?' )  T 

.  oc 

1 

±  4E(”1)'  [  J2i+2(w)  -  J2i-2(M)]}  sin(y’/„  +  ipl). 


=  1=1 


(10) 

~  ^vm  9  9^71  ~  9^71.  *“  9^71171  j  ^i^Pmn  » 


Jj(tz)  is  being  the  Bessel  function  of  order  i .  In  ex¬ 
pression  (10)  the  upper  sign  relates  to  4,  but  the 
lower  sign  relates  to  . 

Now  we  find  the  mutual  resistance  of  losses 
and  the  mutual  radiation  resistance  »  using  the 
following  relation  [4]: 

where  is  a  hemispherical  surface  of  radius 
R  ^  oo,  which  cover  over  the  radiating  system  from 
above,  and  its  centre  is  coincided  with  an  origin  of  the 
coordinates;  is  a  surface  conterminous  to  the  plane 

interface  xOy ,  5  ®  is  a  unit  normal  to  these  surfaces. 

Applying  the  expression  (10)-(1 1)  in  the  last  equa¬ 
tion,  it  is  easy  to  determine  the  required  resistances: 

8J„„„  =  )  +  A3?»L  +  ,  (H) 


/ 

\  \ 

Z|=0.5A 

P„=0 

/  r' 
j 

/  ^  ^ 
f  ✓ 

1  \ 

^ 

J/*  ft 
^\2 

_l _ « _ 

0.0  0.5  1.0  1.5  2.0  2.5  z^lX 


b) 


Fig.  2.  The  mutual  resistances  versus  Z2  /  A 


mn 


^Ol^l  hmhn 
Arc 


oo 

J|j£(i/)Im 


Tl  rp  rp* 

[h 


-  {u)  Im  I  ^  j  I  vdv 


(12) 


The  obtained  expressions  are  a  solution  of  the 
considered  problem.  The  integrals  in  (7)  and  (12) 
enough  fast  converge,  because  their  integrand  quickly 
decrease  with  growth  v  due  to  the  factor 
exp{-7iA:i(2:,^  +  '2^7z)}-  Indeed,  if  Zi  4-  2:2  >  Ao/2, 
then  its  module  falls  more  than  three  order  already  at 
z/  =  10.  In  the  sums  (9)  it  is  required  to  take  into 
account  no  more  than  2u  items  for  achievement  of 
the  same  accuracy. 


where  and  Mittm  are  the  parts  of  , 

which  are  caused  by  radiation  of  the  wires  into  the 
upper  half-space  on  the  E-  and  //-polarized  waves 
respectively,  viz. 


(i/){  Re(2;  - 

0 

A5Rgf,„  J 


ikiu 


du; 


7i 


3.  Numerical  Examples 

Here  we  apply  the  considered  procedure  for  analyzing 
the  mutual  resistances  between  two  horizontal  half¬ 
wave  dipoles  located  in  air  near  to  the  surface  of  a  im¬ 
perfect  ground  as  functions  of  a  distance  between  them. 
The  results  of  calculations  reduced  below  accomplished 
for  frequency  of  6  MHz  under  the  assumption  that  the 
ground  has  the  following  parameters:  e^i  =  10  j 

0-2  =  0.01  (Q  •  m)"^ ,  =  1  • 

In  Fig.  2  a,b  the  components  of  the  mutual  imped¬ 
ance  between  parallel  half-wave  dipoles,  centers  of 
which  are  on  the  2:  -axis,  are  plotted  against  a  height 
of  dipole  2  when  the  height  of  dipole  1  is  fixed: 

=  A/4  (Fig.  2a)  and  Zi  —  A/2  (Fig.  2b).  It  is 
necessary  to  note,  that  here  all  resistances  are  normal- 
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Fig.  3.  The  mutual  resistances  versus  Pn/X 


ized  to  the  resistance  of  the  single  radiator  in  the  free 
space,  viz. 

Aa  /  A)o  =  ’i-a  =  ^12  + 

3?E12  /-Rqo  =  ^12  =  +  Fn  ; 

R/12  /i?[jo  =  =  ^ii2  “  Fn  • 

Fig.  3  shows  the  components  of  the  normalized 
mutual  impedance  between  two  half-wave  dipoles, 
both  of  which  are  parallel  to  the  y-axis,  as  functions  of 
the  radial  distance  pn  =  \x2  -  between  them.  In 
this  figure  the  curve  r/2  absent  (ri"  =0),  because 
here  Zi  =  22 . 

It  is  interesting  to  compare  the  mutual  impedance 
between  two  half-wave  dipoles  and  between  two 
Hertzian  dipoles  [6].  Fig.  4  gives  the  plots  of  the  nor¬ 
malized  components  of  the  additional  term 
^^12/^)  =  -^^2  +  j^^i2  (7)  for  both  types  of 
radiators.  Here  the  components  relating  to  the  mutual 
impedance  between  two  half-wave  dipoles  are  indi¬ 
cated  by  solid  curves  and  components  relating  to  the 
Hertzian  dipoles  are  indicated  by  dashed  curves. 

From  the  figure  follows,  that  the  curves  Ari2  (and 
^^12)  ^re  close  to  each  other  for  two  compared 
cases,  however  their  components  differ  among  them¬ 
selves,  what  especially  noticeably  on  a  curve  rJi2 
near  to  a  point  zi  = 

4.  Conclusion 

The  offered  technique  may  be  useful  to  analyzing  effect 
of  the  imperfect  ground  on  the  mutual  resistances  be¬ 
tween  elements  of  wire  antenna  arrays,  including  an¬ 
tenna  arrays  for  HF-band  communication  systems. 


0.0  0.5  1.0  1.5  2.0  2.5  z^/X 


Fig.  4.  A  comparison  of  the  mutual  resistances  be¬ 
tween  two  half-wave  dipole  and  between 
two  Hertzian  dipoles 
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Abstract 

The  expressions  for  determination  of  characteristics  of  radiation  and  scattering  by 
symmetrical  cruciform  electrical  dipole  are  found  on  the  basis  of  mathematical  model 
of  this  radiator.  The  influence  of  excitation  of  asymmetrical  harmonics  of  current  in 
other  arm  of  radiator  in  stimulation  of  cruciform  dipole  one  arm  is  considered.  The  re¬ 
sults  of  numerical  research  of  the  current  distribution  on  the  dipole  arms  and  the  pattern 
of  scattering  are  considered  for  various  lengths  of  arms  and  directions  of  wave  falling. 

Keywords:  the  cruciform  electrical  dipole,  the  current  distribution,  the  pattern  of 
scattering,  the  characteristics  of  scattering,  length  of  dipole  arm. 


1.  Introduction 

The  development  of  antenna  theory  and  techniques 
and  more  wide  application  of  antennas  in  the  radio 
engineering  systems  of  various  purposes  leads  to  the 
necessity  of  new  parameters  in  addition  to  well- 
known  generally  accepted  performances.  One  of  the 
new  parameters  is  the  effective  surface  of  scattering 
(ESS).  The  symmetrical  cruciform  electrical  dipole  is 
widely  used  both  as  an  independent  antenna  and  as  an 
element  of  the  phased  antenna  array. 

Consequently  creation  of  new  mathematical  model 
and  methods  of  calculation  of  various  characteristics 
including  the  used  characteristics  of  scattering  of  this 
type  radiators  is  very  important  problem. 

2.  Formulation  of  the  Problem. 
Mathematical  Model 

The  mathematical  model  of  the  cruciform  electrical 
dipole  from  [1]  is  used  for  realization  of  investigations. 
The  geometry  of  the  problem  is  presented  in  Fig.  1. 

Let  the  system  of  N  cruciform  electrical  dipoles 
be  excited  by  plane  electromagnetic  wave.  The  direc¬ 
tion  of  wave  falling  is  defined  by  angles  0^,  <^o  •  It  is 
necessary  to  define  scattering  performances  of  this 
system  of  radiators. 

2. 1 .  Mathematical  Model 

The  current  distribution  in  the  cruciform  electrical 
dipole  excited  by  the  incident  plane  electromagnetic 
wave  is  found  in  accordance  with  the  mathematical 
model  from  [1]. 

The  current  distribution  in  the  cruciform  electrical 
dipole  excited  by  plane  electromagnetic  wave  in  every 


arm  may  be  determined  as  a  sum  of  trigonometrical 
harmonics  with  unknown  coefficients. 

If  the  current  distribution  in  radiators  is  known,  the 
vector  pattern  in  free  space  may  be  determined  with 
well  known  expressions. 

The  final  formula  for  components  of  vector  pattern 
may  be  presented  in  the  following  form 
N  A4 

Ill, 
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=  exp{ik{Xj,  sin ^ cosy?  +  sin 0 sin y?))  x 


J*  cos( 


7r(mj.  —  0,5)a;' 


)  exp(ikx'  sin  0  cos  (p)dx\ 


5”^  =  exp(ik(xjj  sin ^ cosy?  +  sin 0 sin y?))  x 

//2  , 

/TTTTi  (V 

sin( — j — )  exp(ikx'  sin  0  cos  <p)dx\ 
-(/2  ^ 

=  exp(ik(x„  sin ^ cosy?  +  2/„  sin 0 sin y?))  x 


7r(m^-0^)y' 


j  exp(t%'  sin  0  sin  (p)di/\ 


5”^  =  exp(2A:(a:„  sin 0 cosy?  4-  J/„  sin 0 sin y?))  x 
e/2  , 

/TtTTl  y 

cos( — J — )  exp(t%'  sin  9  sin 


In  expressions  (1)  and  (2),  and 

are  complex  amplitudes  of  components  of  current  in 
X  -arm  and  y  -arm,  respectively,  in  the  n  -th  radiator. 
This  complex  amplitudes  are  defined  by  correlations 
from  the  solution  of  the  system  of  linear  algebraic 
equations  given  in  [I];  are  the  coordinates  of 

center  of  the  n  -th  radiator;  A:  =  27r/ A  is  the  wave 
number;  £  is  the  length  of  dipole  arm. 


3.  Results  OF  Research 

These  correlations  can  be  used  for  calculation  of  the 
current  distribution  and  the  pattern  of  scattering  of  the 
cruciform  electrical  dipole  for  various  lengths  of  arm 
and  directions  of  wave  falling.  The  number  of  radia¬ 
tors  in  the  considered  case  equals  one.  If  the  length  of 
arm  is  0.25A,  the  current  distribution  is  independent 
of  the  direction  of  wave  falling.  The  current  amplitude 
only  depends  on  this  direction. 

In  accordance  with  this,  the  pattern  of  scattering  in 
this  case  preserves  its  form.  In  the  case  of  larger 
length  of  electrical  dipole  arm,  when  the  wave  falls 
not  normally,  changes  of  the  current  distribution  both 
in  shape  and  amplitude  are  observed.  The  results  of 
calculations  for  the  case  of  incidence  of  0  -polarized 
plane  wave  are  presented  in  Figs.  2-5  by  curves  1-4. 
To  calculate  the  performances  of  the  current  distribu¬ 
tion  in  arms  of  dipole  and  the  pattern  of  scattering  the 
cruciform  electrical  dipole  with  ^  =  A  is  considered. 
The  number  of  considered  harmonics  in  every  dipole 
arms  of  the  cruciform  electrical  dipole  is  chosen  to  be 
equal  to  10.  Fig.  2  illustrates  the  dependencies  of  the 
current  distribution  in  the  a: -arm  of  the  dipole  and 
Fig.  3  -  in  the  y  -arm  of  dipole. 

The  0  -component  of  the  pattern  of  scattering  in 
case  y?  =  0°  is  presented  in  Fig.  4  and  in  case 
y?  =  90°  -  in  Fig.  5. 


I(x),A 


Fig.  3.  The  current  distribution  in  y-arm  of  dipole 
F(e,tp) 


^  -90  -45  0  45  Q,^pad 

Fig.  4.  The  pattern  of  scattering  in  case  y?  =  0° 
F(0,<p) 


^  -90  -45  0  45  6,^pa^ 

Fig.  5.  The  pattern  of  scattering  in  case  y?  =  90° 
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Fig.  6.  The  power  scattering  pattern  in  case  =  ^0® , 

In  these  pictures,  the  curve  1  corresponds  to  the  case 
of  the  direction  of  6  -polarization  wave  falling  6q  =  0® , 
(^0=0°,  curve  2  -  =  20° ,  <^o  =  0° »  curve  3  - 

Oq  =  40° ,  “  0° ,  curve  4-  Oq  =  60° ,  —  0° . 

The  given  results  are  normalized  to  a  maximum 
value  of  scattering  field,  which  is  obtained  in  the  case 
of  ^0  =  0° ,  </?()  =  0° . 

The  carried  out  research  demonstrates  that  in  the 
case  of  ^0  =  90° ,  pq  =  0^  of  wave  falling,  the  cur¬ 
rent  distribution  in  x  -arm  has  symmetrical  character, 
but  in  perpendicular  arm  (  y  -arm)  is  equal  to  zero.  If 
the  angle  6q  differs  from  90°,  the  current  distribution 
changes  its  character  and  becomes  nonsymmetrical, 
but  in  y  -arm,  current  appears  and  has  asymmetrical 
character.  Accordingly  its  contribution  to  the  output 
voltage  of  dipole  is  equal  to  zero. 

The  current  distribution  in  x  -arm  has  parameters 
coinciding  with  those  for  linear  dipole  from  [2].  In  the 
same  time,  the  occurrence  of  the  current  in  perpen¬ 
dicular  arm  changes  the  scattering  pattern  and  scatter¬ 


ing  performances  of  a  cruciform  dipole  as  compared 
with  a  linear  dipole. 

In  support  of  this,  the  results  of  investigations  of 
power  scattering  pattern  of  the  cruciform  electrical 
dipole  are  illustrated  in  Fig.  6. 

4.  Conclusion 

In  the  process  of  the  research  it  has  been  revealed,  that 
in  the  case  of  the  direction  of  wave  falling  in  plane  of 
one  dipole  arms  (in  plane  xOz  )  appearance  of  the 
asymmetrical  component  in  the  current  distribution 
along  this  arm  causes  appearance  the  asymmetrical 
component  in  perpendicular  of  dipole  arm,  what  leads 
to  changes  in  the  pattern  of  scattering  and  cross-section. 

Thus,  the  presented  results  demonstrate  that  in  the 
time  of  studying  the  characteristics  of  scattering  of 
cruciform  electrical  dipole  the  consideration  of  the 
mutual  coupling  between  the  arms  of  radiator  is  nec¬ 
essary  for  obtaining  correct  results. 

The  results  presented  in  this  paper  can  be  applied 
in  the  investigations  of  the  antenna  input  resistance  as 
well  as  in  modeling  the  feeders  and  antenna  scattering 
performances. 
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Abstract 

The  paper  considers  the  expediency  of  using  of  method  of  statistical  tests  for  cal¬ 
culation  of  statistical  characteristics  of  axisymmetric  antennas.  The  analysis  of  aver- 
age  performance  of  circular  antenna  arrays  is  carried  out. 

Keywords;  antennas,  circular  antenna  arrays,  directional  diagram,  amplitude  phase 
distribution 


Modem  aircraft  performance  characteristics  are  the 
reasons  of  high  requirements  to  quality  of  rate  of  up¬ 
dating  of  the  environment  information.  It  causes  ap¬ 
plying  of  the  active  antenna  .arrays  (AAs)  and  new 
methods  of  area  survey,  used  in  survey  systems. 

In  the  most  of  modem  radars  with  electronic  scan¬ 
ning  the  plane  antenna  arrays  are  used,  which  have  a 
number  of  disadvantages  at  omnidirectional  scanning, 
and  so  plane  antenna  arrays  are  proposed  to  be  substi¬ 
tuted  for  axisymetric  ones,  specifically  circular  an¬ 
tenna  arrays  (CAAs).  Such  arrays  are  preferred  for 
realization  of  such  survey  methods  as  parallel  survey 
or  ultra  high-speed  scanning. 

The  question  arises  as  to  level  of  technical  re¬ 
quirements  to  manufacturing  accuracy  and  operating 
conditions  of  antennas  systems  with  CAA. 

The  founder  of  the  antennas  statistical  theory  is 
Shiffin  I.  S.  The  problems  as  for  linear  AAs  [I,  2,  3, 
4, 5]  are  widely  covered  in  his  works  and  works  of  his 
followers.  However,  the  issues  of  this  theory  as  ap¬ 
plied  to  CAA  are  not  studied  enough. 

Antenna  arrays  with  the  great  relation  I/A  and 
complicated  multichannel  feed  system  are  usually 
used  in  such  systems.  As  a  result  the  role  of  factors, 
which  are  generating  the  random  spread  of  antennas 
parameters,  considerably  increases,  thus  causing  the 
necessity  of  study  of  their  statistical  characteristics. 

The  various  statistical  methods  are  used  to  study 
real  antenna  characteristics.  The  characteristic  func¬ 
tions  method  is  the  most  fully  developed  and  mostly 
used  one.  It  is  rather  universal  and  suitable  at  analyti¬ 
cal  study  when  the  errors  are  multiplicative.  It  is  rea¬ 
sonable  to  use  a  spectral  representations  method  when 
the  errors  are  additive.  If  a  source  of  errors  is  some 
specific  mechanism  (for  example,  inaccuracy  of 
mounting  of  feed  element  in  reflector  antenna)  or  un¬ 
known  characteristie  of  directional  diagram  (DD)  is 
expressed  by  the  functional  equations  (which  are  un- 


solvable  in  general  form),  the  canonical  decomposi¬ 
tion  method  or  asymptotic  approximation  method  are 
respectively  used. 

When  using  the  characteristic  functions  method  for 
the  complicated  antennas  types  (e.g.,  convex)  analy¬ 
sis,  the  obtained  expressions  are  intricate  and  this 
complicates  their  correct  physical  interpretation. 
Therefore,  for  such  antennas  at  the  presence  of  pri¬ 
mary  formulae,  which  describe  antenna  field  with 
errors,  it  is  reasonable  to  use  the  statistical  tests 
method  by  entering  data  about  the  amplitude  phase 
distribution  (APD)  errors  or  antenna  design  parame¬ 
ters  by  means  of  random-number  generators  with  de¬ 
sired  distribution  laws. 

Arisen  unstability  can  cause  the  errors  (amplitude, 
phase  and  frequency)  both  in  whole  antenna  system' 
and  in  its  separate  elements.  Thus,  the  errors  can  have 
different  correlation  radiuses  that  should  be  taken  into 
account  when  analysing  the  system. 

The  phase  errors  exert  essential  influence  on  the 
characteristics  of  antenna  systems. 

When  considering  the  main  issues  of  statistics  of 
CAA  field  with  occasional  phase  errors,  the  average 
antenna  characteristics  such  as  average  DD,  average 
directivity  factor  (DF),  dispersion  of  principal  maxi¬ 
mum  direction  drift  as  well  as  some  fluctuation  char¬ 
acteristics,  particularly  the  errors  of  angular 
coordinates  measurement  were  analyzed. 

The  following  primary  formulae  for  undistorted 
DD  were  used: 

•  when  parallel  survey: 

/„  (w)  =  C  eJMcos(H  fo-y)-cos(«.fo-v,,)) 

xcos(n  '  fo  -“(/?)  •  cx)s(n  •  6a  -  ), 

where  cos(n  •  Sa  —  )  is  the  DD  shift  in  relation  to 

the  center  in  0.7  of  if  s  width, 
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K?) 


Fig.  1.  Dispersion  diagram  I (^p)  at  different  values 
of  errors  correlation  radius 


the  expression  under  the  sign  of  sum  is  determined  as 
follows: 


•  forMQS: 


•  for  real  DD: 


fW)  = 

\N 


_  ^^^gjaA(^„gjAT[cos(7i-<5a'-v?)-cos(n-(5a^  ^  ^3^ 

X  COS {U'  8a  ~  ip)'  cos ( n  •  5a ) 


where  -  the  occasional  phase  error  in  the  n  -th 
CAA's  element. 

The  analysis  of  average  directional  diagram  makes 
possible  to  determine  the  influence  of  error  on  the  DD 
form,  to  what  extent  the  magnitude  of  power  emitted 
in  the  main  maximum  direction  decreases  and  how 
average  DD  changes  when  errors  correlation  radius 
varying. 

|7(^f  =  (1  -  )|/o  +  a^I(<p)  (5) 

When  A(pfi  <  1  the  average  power  DD  represents 
the  sum  of  undistorted  DD  with  the  coefficient 
k  -  {l-  cr'^)  and  dispersed  power  diagram  I ((p)  at 

different  relative  correlation  radiuses  C ,  given  in  Fig.  1. 

As  one  can  see,  at  small  correlation  radiuses  C , 
the  dispersion  diagram  I ((p)  is  insignificant  and  ‘"di¬ 
rectional  characteristics”  of  this  function  are  poorly 
expressed,  i.e.  - 1 {(p)  represents  almost  constant 
“background”  of  lateral  radiation.  The  magnitude  of 
this  background  at  the  specified  magnitude  of  error 
dispersion  is  determined  by  the  relation  of  the  error 
correlation  radius  to  the  length  of  system.  When  cor¬ 
relation  radius  increasing  the  magnitude  and  “directiv¬ 
ity”  of  I  (ip)  function  increases. 

In  order  to  find  out  the  “mechanism”  of  reduction 
of  the  antenna  average  DF  it  is  expedient  to  take  into 


Fig.  2.  Reduction  of  the  average  DF  at  different  cor¬ 
relation  radiuses 


Fig.  3.  The  dependency  of  the  main  maximum  direc¬ 
tion  dispersion  from  the  correlation  radius 


account  the  character  of  the  main  lobe  width  depend¬ 
ency  on  the  error  correlation  radius.  Here,  system  av¬ 
erage  DF  dependency  on  the  error  correlation  radius  is 
presented  on  Fig.  2. 

This  figure  shows  that  magnitude  of  the  average 
DF  relative  reduction  is  reduced  at  correlation  radius 
increasing.  Thus,  DF  reduction  is  equal  to  the  reduc¬ 
tion  of  power  which  is  being  emitted  to  the  main 
maximum  direction. 

At  uncorrelated  errors  magnitude  of  A  depends  on 
the  amount  of  emitters  and  error  dispersion.  At  corre¬ 
lated  errors  the  average  DF  reduction  depends  on  the 
correlation  radius  as  well.  The  obtained  dependencies  of 
the  the  DF  reduction  at  errors  presence  can  be  explained 
by  two  effects  which  are  the  main  petal  broadening  and 
lateral  radiation  level  increasing.  DF  reduction  caused  by 
the  first  effect  is  insignificant  in  the  considered  case.  So, 
lateral  radiation  average  level  increasing  brings  the  main 
contribution  into  DF  reduction. 

The  most  essential  effect  at  phase  distribution  dis¬ 
tortion  along  the  antenna  is  the  main  maximum  direc¬ 
tions  shift.  This  effect  is  one  of  the  most  unpleasant 
results  of  the  phase  error  presence,  which  further  lead¬ 
ing  to  the  angular  coordinates  measurement  errors. 
Therefore,  antenna  fluctuation  parameters  analysis  is 
the  next  step  of  antenna  field  statistic  analysis  after 
antenna  average  characteristics  consideration.  The 
results  of  estimation  are  presented  on  Fig.  3. 
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The  researches  of  the  error  correlation  radius  influ¬ 
ence  to  the  main  maximum  direction  dispersion  revealed 
as  one  would  expect  that  error  dispersion  tends  to  zero 
when  correlation  radius  tends  to  zero  or  to  infinity. 

It’s  physical  sense  is  explained  in  the  following  way: 
at  very  small  radius  the  number  (N)  of  garmonics,  in 
which  DF  is  decomposed,  is  great  enough.  It  is  on  sym¬ 
metry  reasons  that  direction  of  field  maximum  Aip  is 
highly  close  to  the  direction  ^  =  0  in  this  case.  The 
system  is  practically  in-phase  at  very  big  radiuses  and  for 
the  in-phase  systems  (p  =  0 .  The  maximal  main  maxi¬ 
mum  shift  dispersion  is  to  be  observed  when  aperture  is 
comparable  to  the  correlation  radius. 

The  research  of  the  influence  of  phaseshifters  dis¬ 
creteness  on  the  pelengation  sensivity  (PS)  is  accom¬ 
plished  also.  The  obtained  results  had  been  compared 
with  the  PS  of  flat  A  A  and  with  the  PS  of  CAA  of  the 
same  size. 

The  results  received  shows  that  when  using  the 
phaseshifters  with  great  discreteness  (discreteness  - 
0''-22.5°)  pelengation  sensivity  in  CAA  is  worse  than 
in  the  equidistant  AA.  This  inadequate  is  smoothed 
when  phaseshifters  with  smaller  discreteness  (dis¬ 
creteness  -  0°-l  1 .25°)  are  used. 

Thus,  it  is  possible  to  conclude  that  there  are  two 
basic  mechanisms  of  errors  formation  in  circular  an¬ 
tenna  arrays  depending  on  used  survey  mode. 

•  At  the  parallel  survey  the  resulting  error  comprises 
of  errors  in  each  channel  and  common  error  in  the 
CAA  aperture. 

•  At  superfast  scanning  the  resulting  error  comprises 
of  diagram-forming  unit'  errors  and  terminal  an¬ 
tenna  waveguide  channel  errors. 

The  feature,  which  connected  with  applying  of  the 
statistical  theory  to  the  CAA,  is  substitution  of  gener¬ 
alized  angle  ”,  which  is  used  for  the  linear  antenna 
arrays  for  the  real  one  ‘V 


The  statistical  analysis  results  allow  to  claim  the 
following: 

•  different  mechanisms  of  errors  differently  influ¬ 
ence  on  the  circular  antenna  arrays  statistical  char¬ 
acteristics; 

•  the  character  of  these  dependences  differs  some¬ 
what  from  the  similar  dependences  for  the  linear 
antenna  arrays; 

•  these  differences  are  comparatively  insignificant  at 
small  errors  and  at  the  big  antennas  radius  to  wave 
length  ratio. 

Thus,  the  errors  in  CAA  elements  affect  its  statistical 
characteristics  the  same  way  as  in  the  linear  antennas, 
so  requirements  to  manufacture  accuracy  and  elements 
stability  are  the  same  as  for  the  linear  antennas. 

Applying  of  the  statistical  tests  method  allows  to  sim¬ 
plify  the  complex  types  antennas  statistical  characteris¬ 
tics  estimation  and  analysis  to  the  maximum  degree. 
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Abstract 

It  is  shown  that  owing  to  the  relativistic  effect,  there  is  the  electrical  field  opposite 
in  the  direction  of  the  impressed  field  inside  the  moving  conductor  that  is  possible  to 
treat  as  the  negative  permittivity.  The  evaluation  of  the  effect  being  used  and  conclu¬ 
sions  concerning  its  practical  value  are  given  in  the  present  work. 

Keywords’.  Negative  permittivity,  relativistic  effect. 


Let’s  consider  the  system  represented  in  Fig.  1.  As  one 
can  seen  irom  this  figure,  it  is  a  flat  capacitor  -  two 
parallel  XOZ  metal  planes,  the  distance  between 
which  is  equal  toi9  .  The  surface  charge  density  on  the 
bottom  and  the  top  plates  is  equal  to  +cr  and  —a  re¬ 
spectively.  This  surface  charge  density  creates  the  ho¬ 
mogeneous  electrical  field  Ey  between  the  capacitor 

plates,  which  size  is  determined  by  the  expression  [1]: 
Ey  =  (T/eo- 

There  is  a  metal  plane  with  a  thickness  d  placed  also 
inside  the  capacitor  (see  Fig.  1).  The  given  plane 
moves  along  the  axis  x  with  the  speed  ,  With  the 
coordinate  axes  X '  T  ’  Z ' ,  on  which  the  conductor  is 
fixed,  the  homogeneous  electrical  field  E\  being 

created  inside  the  capacitor  plates  will  be  equal  to: 

E'y  =  a'/eo, 

where  a'  =  ja  =  a /i/l  —  is  the  surface 


Fig.  1.  The  flat  capacitor  with  a  moving  metal  plate 
in  a  gap. 


charge  density  on  the  capacitor  plates  in  the  coordi¬ 
nate  system  X  ’  T  ’  Z  ’ ,  that  has  changed  according  to 
the  Lorentzian  length  reduction  in  the  moving  frame, 
c  is  the  light  speed.  In  addition  to  the  electrical  field, 
the  magnetic  field  with  the  intensity  H\  is  also  gen¬ 
erated  between  the  capacitor  plates. 

Knowing  the  surface  density  of  electrical  charges 
a\n  in  the  coordinate  system  X'T’Z’,  it  is  possible, 
using  the  invariant  property  of  an  electrical  charge 
and  Lorentz  transforms,  to  find  the  surface  density  of 
electrical  charges  on  the  metal  plane  surface  in 
the  coordinate  system  XFZ  : 

<^m  =  7o-'m  -  a  =  a /{I  -  / c^) . 

Using  the  expression  forcr„^,  we  can  write  down 
ratios  for  calculation  of  values  of  the  electrical  and 
magnetic  fields  in  coordinate  system  XFZ  inside  the 
moving  metal  plane: 

E^=-Ey-{V^  Ic^)  (1) 

Hz  =  EJW-  (K  /c)/(l  -  /c2)  (2) 

B^=Eylc-{VJc)/{l-V^lc^)  (3) 


Thus,  inside  the  moving  metal  plate  the  electrical 
field  is  non-zero  and  directed  opposite  to  the  external 
impressed  electrical  field.  Generally,  the  value,  that 
shows  how  much  the  electrical  field  inside  the  mate¬ 
rial  is  weakened,  in  comparison  with  the  electrical 
field  in  vacuum,  is  named  the  relative  permittivity  of 
the  given  material.  In  other  words,  it  is  possible  to 
speak  about  the  appearance  of  the  relative  permittivity 
e  ofthe  moving  metal: 


(4) 


As  we  can  see  the  negative  permittivity  e  has  the 
negative  sign,  and  its  value  depends  only  on  the  metal 
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Fig.  2.  The  investigated  capacitor  in  the  coordinate 
system,  in  which  the  metal  plate  is  fixed. 
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Fig.  3.  The  electrostatic  relativistic  dynamo- 
machine. 

speed  and  varies  from  -oo  to  0  at  changing  the  speed 
14  from  0  toe.  The  appearance  of  the  additional 
magnetic  field  makes  a  bianisotropic  medium  out  of  the 
moving  metal  [2].  The  negative  frequency-independent 
permittivity  means  that  the  medium  has  changed  from 
passive,  in  which  only  a  signal  propagation  occurs,  into 
active,  in  which  a  signal  amplification  is  possible. 
Since  e  is  the  velocity  function,  it  is  possible  to  assume 


that  the  medium  becomes  active  because  of  the  pres¬ 
ence  of  the  metal  speed.  That  is,  the  energy  of  me¬ 
chanical  motion  by  means  of  this  mechanism  can  be 
transformed  into  the  electrical  energy. 

Such  transformation  can  be  carried  out,  for  exam¬ 
ple,  in  the  system  shown  in  Fig.  3,  where  the  consid¬ 
ered  above  capacitor  creating  the  homogeneous 
electrical  field  £j,  is  presented. 

The  metal  plane  is  placed  between  the  capacitor 
plates  and  moves  perpendicularly  to  the  electrical 
field  with  the  speed  I4. .  As  a  result,  in  the  fixed  coor¬ 
dinate  system  XYZ  we  observe  the  EMF 
U  =  •  d  between  the  top  and  bottom  boundaries 

of  the  metal  plane.  The  given  EMF  is  taken  off  with 
the  help  of  sliding  contacts  1  (see  Fig.  3.).  We  shall 
describe  the  resistance  of  the  most  metal  plane  r  as 
the  internal  resistance  of  the  voltage  source,  and  the 
external  circuit  will  be  characterized  by  the  resistance 
R .  Let's  estimate  the  possibility  of  using  the  sug¬ 
gested  converter  of  the  mechanical  energy  into  the 
electrical  one.  As  a  moving  conductor  at  the  room 
temperature  we  shall  take  a  copper  plate  with  the 
thickness  d  =  10  mm  and  the  area  0.001  ml  In  that 
case,  the  internal  resistance  of  the  chosen  metal  plate 
is  r  =  1.56  •  10“’^  Ohms.  At  the  external  electrostatic 
field  intensity  Ey  =  20  kV/m  the  EMF  obtained  at 

the  speed  10  m/s  will  make  0.22  •lO”*'*  V,  that  re¬ 
sults  in  the  smallest  useful  electrical  power.  Neverthe¬ 
less,  in  principle  it  is  possible  to  measure  the  current 
and  thereby  to  confirm  or  deny  the  presence  of  the 
electrical  field  in  the  moving  metal. 
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Abstract 

The  hypothesis  of  creation  of  Rx-electromagnetic  formations  around  rotating  cylin¬ 
drical  nonuniform  magnets  is  considered  in  the  given  work.  During  investigations  de¬ 
vices  of  stream  Rx-grids,  Lorentz  transforms  and  hysteresis  effects  in  magnets  are  used. 

Keywords:  Negative  permittivity,  relativistic  effect. 


1.  Introduction 

According  to  the  literature  [1]  stationaiy  magnetic  cylin¬ 
drical  formations  of  small  thickness  with  a  sharp  reces¬ 
sion  of  the  magnetic  field  intensity  at  borders  are  formed 
around  rotating  nonuniform  magnetic  systems.  In  the 
given  work  it  is  assumed  that  similar  cylindrical  forma¬ 
tions  can  be  considered  as  quasistatic  concentrators  of 
the  electromagnetic  energy  that  arise  in  layers  of  the  3D 
stream  -grids  [4],  simulating  the  electrodynamics 
processes  in  time  domain.  In  the  stream  -grids,  in 
contrast  to  finite-difference  grids,  not  the  E  and  H 
fields  are  modeled  by  some  point  pattern  in  a  small  vol¬ 
ume,  but  the  vacuum  as  an  infinite  grid  of  volumes 
(Fig.  la)  with  small  dispersion  of  the  flat  wave  velocity 
during  their  distribution  to  any  directions.  An  operator  of 
the  3D  stream  Rr  -grid  is  the  12-ports  circuit  in  the  vol¬ 
ume  ,  formed  of  the  system  of  ideal  transformers  and 

video  signal  delay  elements  r  =  A  /(4c) ,  where  A  is 
the  volume  size,  c  =  1/  is  the  light  speed  (see 

Fig.  2).  The  operator  is  matched  in  all  12  ports,  has  no 
signal  of  direct  leakage  and  transmits  an  input  videopulse 
with  unit  amplitude  duration  r  to  four  neighboring  in¬ 
puts  with  the  amplitude  double  reduction.  Similar  pulses 
are  transmitted  with  the  double  light  speed. 

Owing  to  balancing  properties  of  the  circuit  of  elemen¬ 
tary  volume  the  stream  Rt  -grid  allows  one  to  form  en¬ 
ergy-isolated  stationaiy  electromagnetic  formations  in  net 
vacuum  that  cannot  be  detected  by  external  observers.  In 
physics  the  stationaiy  electromagnetic  formations  have 
been  investigated  as  elementary  particles  (an  electron,  a 
positron,  a  proton,  neutrino,  etc.)  ^at  are  characterized  by 
a  specified  value  of  energy,  weight  and  other  parameters. 

In  the  -stationary  electromagnetic  formations 
the  energy  storage  level  is  not  limited,  since  the  inten¬ 
sity  of  macroscopic  fields  E  and  H  is  not  quantized. 


In  the  present  work  it  is  supposed  that  because  of 
the  weak  connection  with  the  Rr  -stationary  cylindri¬ 
cal  electromagnetic  formation  the  rotating  nonuniform 
magnet  can  create  a  rotating  electromagnetic  field  and 
transform  noise  external  fields  into  the  ponderomotive 
energy  of  magnet  rotation. 

2.  Creation  OF  Steady 

Electromagnetic  Formations  in 
THE  Rr  Grid  Planar  Layer 

A  simplified  version  of  the  full  stream  iJr -circuit 
(Fig.  2)  is  shown  in  Fig.  3a.  The  circle  with  the  designa¬ 
tion  M  represents  a  system  of  12  ideal  transformers, 
which  internal  windings  are  crossed  at  6  points  (black 
circles  in  Fig.  2).  Thick  lines  designate  pairs  of  orthogo¬ 
nal  two-wire  lines,  which  input  terminals  are  shown  in 
Fig.  3a  by  thin  lines  with  indexes  fi-om  1  to  12,  in  con¬ 
formity  with  Fig.  2.  A  layer  of  the  infinite  three- 
dimensional  grid  in  the  plane  XZ  (Fig.  3b)  is  formed  of 
circuits  Fig.  3a.  Projected  dual  lines  focused  along  flie 
axis  Y  are  shown  in  the  center  of  the  circles  M  . 

If  to  apply  unit  in-phase  pulses  having  the  duration 
r  =  A  / {2y/e^)  fi’om  the  inputs  1  and  3  to  the  circuit 
Fig.  3a,  then  unit  in-phase  pulses  will  also  appear  in  the 


a)  b) 

Fig.  1. 
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shoulders  10  and  12  with  the  time  shift  r  /  2  (see  Fig.  2). 
■niere  will  be  no  pulses  at  the  output  of  all  other  shoulders 
of  tfie  circuit  Fig.  3b.  The  pulse  propagation  from  the 
shoulder  1  to  the  shoulder  12,  and  from  the  shoulder  3  to 
tile  shoulder  10  is  shown  in  Fig.  3b  by  bent  arrows.  Since 
the  power  is  divided  into  halves,  the  pulse  amplitudes  for 
tfie  arrows  will  decrease  by  factor  of  1  /  >/2  .  It  is  essential 
also  fliat  pulses  in  the  shoulders  6  and  8  will  be  absent, 
which  determines  ftie  power  isolation  of  the  layer  of  vol¬ 
umes  in  the  section  XZ  (see  Fig.  3b). 

On  the  circuit  Fig.  3b  unit  pulses  approach  in  pairs  to 
ftie  units  Af  as  on  a  chess-board.  As  a  result,  it  is  possible 
to  reduced  the  circuit  Fig.  3b  to  the  circuit  Fig.?,  in  which 
one  can  see  closed  circuits  with  the  geometrical  length 
4A  and  the  electric  perimeter  2A  (taking  into  account 
ftie  pulse  motion  with  the  double  light  speed).  As  the  drive 
pulses  had  the  time  length  r  ==  A  /(2v^) ,  the  video 

pulses  with  duration  of  2t  are  along  the  length  of  the 
closed  circuits  in  Fig.  4  (thick  lines  with  arrows). 

"Ring"  videopulses  have  the  identical  intensity  of  the 
electric  E  and  magnetic  H  fields  {E  j H  =  ) 

along  the  whole  length.  The  ring  videopulse  contains  an 
identical  quantity  of  the  stored  electrical  A* 

and  magnetic  IF//  =  ^FT^A'*  energy. 


2. 


Fig.  4. 

As  for  the  ring  videopulse  the  E  and  H  fields 
phase  does  not  change  along  the  ring,  it  can  be  consid¬ 
ered  as  a  stationary  electromagnetic  formation.  The 
pulse  energy  motion  with  the  double  light  speed  cannot 
be  directly  detected.  It  becomes  apparent  only  in  the 
direction  of  the  magnetic  field  H .  Granting  this  the 
circular  arrows  show  the  direction  of  the  Pointing  11 
vector  for  orthogonal  E  and  H  fields  (see  Fig.  3b). 

Hanging  ring  videopulses  are  placed  on  the  whole 
surface  of  the  layer  of  volumes  A'^  in  Fig.  3b.  For  all 
electromagnetic  formations  in  Fig.  3b  the  direction  of 
the  electric  field  Ey  is  identical,  and  the  fields  , 
JTj  have  the  ring  direction  with  "chess"  coloring.  The 
constancy  of  the  field  Ey  direction  allows  one  to  as¬ 
sume  that  this  field  can  be  connected  with  the  external 
electrostatic  field  focused  along  the  axis  V . 


3.  Creation  of  Cylindrical 
Electromagnetic  Formations 

As  concentric  rings  are  formed  around  the  rotating 
magnet,  the  elementary  volume  form  should  be  prop¬ 
erly  changed  (see  Fig.  lb).  The  volume  sizes  Ar,, 
Azi  and  A0  in  coordinates  i? ,  Z  and  0  should 
be  determined  by  the  ratio: 

Ar  =  A;  Az  ^  A;  riA0  -^^^  =  A  (1) 

VTPo 

A0  =  2-k /n  (2) 


When  going  from  the  circuit  Fig.  la  to  the  circuit 
Fig.  lb  it  is  supposed  that  the  equivalent  iir -circuit  of 
the  stream  cubic  element  Fig.  2  remains  constant  in 
form.  The  time  delay  conservation  t  /  2  for  lines  along 
the  axis  r^AQ  is  attained  by  introducing  the  anisotropy 
with  respect  to  e  and  p  only  in  this  coordinate.  The  val- 
ues  £ofi()  remain  unchanged  in  coordinates  r  and  z . 
The  ratio  (1)  provides  the  equating  of  the  volume  elec¬ 
tric  length  ViAQ  Fig.  lb  to  the  value  A  .  The  ratio  (3) 
provides  the  wave  resistance  identity  along  all  axes. 

When  meeting  the  condition  (2)  the  whole  n  number 
of  elementary  volumes  Fig.  lb  is  along  the  length  of  the 
ring  circle  27rrj  in  a  circle  with  any  r, .  Substituting  (3) 
into  (1 )  we  shall  obtain  the  ratio  in  order  to  determine  r, 

nAQyfei/so  =  A  (4) 
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Fig.  5. 


It  follows  from  (4)  that  when  r^A©  >  A  it  is  re¬ 
quired  to  introduce  a  dielectric  with  Si  <  and  a 
magnetic  with  pLj  =  6:i//o  /  along  the  axis  r^A©. 

The  considered  approximate  model  of  bend  adjustment 
along  the  axis  r^A©  allows  one  to  save  the  equivalent 
circuit  Fig.  2  and  its  unique  balancing  property.  Taking 
into  account  the  possibility  of  formation  of  sector  elemen¬ 
tary  volumes  A^  (see  Fig.  lb),  the  plane  ZX  can  be  bent 
with  the  radius  R ,  forming  a  cylindrical  surface  Fig.  5 
with  the  electrostatic  field  £^cr)  directed  along  the  axis 
r  .  The  magnetic  field  /f  (y,©),  dependent  on  coordi¬ 
nates  Y ,  r©  forms  loops,  alternating  in  the  direction,  on 
the  cylinder  surface  (see  Fig.  5).  The  electric  field  E  <  r ) 
intensity  does  not  depend  on  time,  as  well  as  the  electro¬ 
static  field  according  to  the  Coulomb  equation  for  a 
charged  metal  string  located  on  the  cylinder  axis. 

However,  the  electrostatics  cannot  answer  how  the 
field  £^<r)  was  created,  because  the  energy  along  the 
field  is  not  transferred.  The  energy  through  the  ring  thick¬ 
ness  A  for  static  fields  can  "be  caught"  only  by  inserting 
two  metal  cylinders  with  the  diameter  difference  A  . 

In  case  of  the  .model  Fig.  5  the  -energy  though  the 
thickness  A  is  "caught"  without  metal  cylinders.  In  our 
case  these  metal  cylinders  act  as  the  balancing  Rr- 
operator  Fig.  2  and  create  a  divide  wall  between  the  layer 
of  elementary  volumes  A^  and  the  external  space. 

If  to  enter  a  tapered  compression  into  the  cubic 
volume  (see  Fig.  4a)  not  along  one  axis  (Fig.  lb),  and 
along  two  ones  (Fig.  4a),  going  to  spherical  coordi¬ 
nates,  then  the  volume  layer  Fig.  4a  will  permit  to 
form  a  spherical  object  (Fig.  4b)  with  thickness  A  . 


4.  Exitation  of  the  Axial  Magnetic 
Field  in  the  Cylindrical  Ring 

To  simplify  the  analysis  we  shall  turn  round  the  cylin¬ 
drical  surface  Fig.  7  with  the  radius  R  and  present  it  as 
a  section  of  the  planar  grid  with  the  length  d  ==  pA 
that  is  formed  of  p  elements  like  in  Fig.  3a.  The  whole 
number  of  q  sections  is  along  the  cylinder  circle  Fig.  5 
with  the  length  2t:R  ,  i.e.  d  —  2'kR  /  q  =  pA . 

Let's  assume  that  some  heterogeneity  M ,  moving 
along  the  segment  d  on  the  axis  X  with  the  speed  V , 
changes  the  wave  resistance  Zi  in  the  line  directed  along 
the  axis  Y ,  for  example,  for  one  i  -th  element  of  the 
grid  layer.  When  changing  Zi  =  ^fii  /  e,  we  shall 
keep  the  videopulse  delay  time  along  the  line  with  the 
length  A  constant  with 

T  =  A2Va^  =  A/2V7Po  •  equality  violation 
^ .  :7i  Zo  =  So  in  one  of  the  grid  elements  Fig.  6 
will  lead  to  some  structure  disturbances  of  stationary 
fields  in  the  ring  grid  Fig.  5  that  will  be  periodic  along 
the  cylinder  circle  with  the  period  q  =  27rR  /  pA .  A 
similar  field  disturbance  in  the  steady  state  mode  will 
move  along  the  circuit  of  the  cylindrical  resonator  Fig.  5 
with  the  speed  V ,  i.e.  with  the  cylinder  speed  P . 

The  change  of  Zi  will  lead  to  radiation  of  a  part  of 
the  electromagnetic  energy  through  the  element  sec¬ 
tions  A  X  A  on  either  side  of  the  ring  surface. 

,  We  can  suppose  that  it  is  due  to  the  presence  of  a 
component  of  the  electric  field  Ez  radiated 

fields  that  moves  along  the  ring  surface  on  the  axis  X 
with  the  speed  V  and  stimulates  the  field  Hy . 

To  simplify  the  analysis  the  three-dimensional  prob¬ 
lem  of  the  flat  layer  Fig.  3b,  in  which  electromagnetic 
fields  are  isolated,  will  be  replaced  by  the  two- 
dimensional  problem  of  the  electrostatic  condenser 
Fig.  7.  The  electromagnetic  field  isolation  is  provided 
by  metal  surfaces  with  a  charge  surface  density  of  ±q  . 
Tlie  electric  field  is  equal  to  Ez  =  q/sQ.  If  there  is  a 
gap  d  in  the  bottom  surface  (that  is  equivalent  to  the 
change  of  Zi  in  the  layer  Fig.  3b),  the  field  Ez  with  a 
smaller  intensity  will  appear  outside  of  the  aperture 
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(Fig.  7).  As  both  surfaces  of  the  condenser  move  with 
the  speed  V ,  then  according  to  the  Lorentz  ratio  the 
magnetic  field  will  appear  near  the  aperture: 

H'y  ;  7  ==  F/c 

It  is  possible  to  assume  that  in  rings  like  in  Fig.  5  the 
electric  field  intensity  can  considerably  exceed  fields  of 
tile  electric  breakdown  in  the  air  that  allows  one  to  receive 
very  high  values  of  the  field  Fj-  when  V/c  ~  lO"'*, 
which  is  characteristic  of  mechanical  systems. 


5.  Dynamics  of  Synchronization 
Processes  of  Cylinder  and  Magnet 
Rotation  Speeds 

On  the  basis  of  approximation  of  the  Rt  -cylinder  Fig.  5 
by  fte  wndenser-type  cylinder  Fig.  7a  we  shall  form  a 
design  like  in  Fig.  8  where  the  electrode  of  the  condenser 
(y-linder  with  slots  d  rotates  with  the  speed  V„  around 
the  magnet  rotating  with  the  speed  I4  •  We  shall  connect 
the  constant-voltage  source  e  creating  the  radial  constant 
electric  field  to  two  electrodes  of  the  condenser  cyl¬ 
inder.  The  non-uniform  magnetic  field  Hy  rotating  as 
the  electrode  with  the  speed  is  excited  in  a  gap  be¬ 
tween  the  magnet  and  the  electrode  with  slots.  The  field 
H{-  maximums  being  near  slots  excite  domain  forma¬ 
tions  HO  (hysteresis  areas)  in  the  magnet,  in  which  the 
field  By  intensity  changes  in  comparison  with  the  aver¬ 
age  value  of  the  field  Bq  in  the  magnet  volume. 

It  can  be  supposed  that  the  fields  Hy  and  By  are 
described  by  cosinusoidal  functions  like  in  Fig.  7b: 


Hy  =  Hq  +  H,i,  cos—{x)  (5) 

27r 

By  =  J9o  +  B,„  cx>s—(x  -  Xo)  (6) 

where  Hq  and  Bq  are  average  values  of  the  fields, 
H,i,  and  B,„  are  cosinusoid  amplitudes,  d  is  the  dis¬ 
tance  between  apertures,  V  =  I4  =  is  the  syn¬ 
chronous  speed  of  rotation  of  the  ring  and  domain  areas 
in  the  stationary  mode,  Xq  is  the  geometrical  displace¬ 
ment  of  the  field  By  curve  with  respect  to  the  field 
Hy  curve  because  of  the  delay  under  hysteresis  mag¬ 
netic  reversal.  In  (5)  it  is  supposed  that  the  field  Hy 
maximums  are  in  centers  of  the  slots  d .  The  angular 
displacement  of  sinusoids  equals  to  ©q  =  2-ir/d-  Xq. 

In  the  work  [2]  the  degree  of  the  angle  0  is  esti¬ 
mated  by  the  formula: 

0  =  (iTcsin{P,TT  /  H,„Bq)  (7) 

where 


P,T  =  kH,B„,  /  TT  (8) 

-  is  the  energy  dissipated  in  the  magnet  for  one  time 
cycle  of  the  sine-wave  magnetic  reversal  T  in  a  unit 
of  the  magnet  volume,  T  =  1//  =  d/Fj ;  H„,  is 
the  amplitude  of  the  magnetic  field  modulation;  Bq  is 
the  average  value  of  the  magnetization  induction;  H,. 
is  the  coercive  force  by  induction. 

The  hysteresis  characteristic  like  in  Fig.  9  corre¬ 
sponds  to  the  magnetic  field  approximation  and  mag¬ 
netization  in  the  form  of  sinusoids  (5)  and  (6).  We 
introduce  a  similar  approximation  by  analogy  with  [2] 
allowing  for  constant  components  Bq  and  Hq  . 

It  is  supposed  that  the  field  Hy  of  cosinusoidal  form 
penetrates  into  the  magnet  and  changes  the  field  By  there 
according  to  the  curve  in  Fig.  9.  We  shall  assume  that  the 
size  a  of  the  hysteresis  area  is  equal  to  the  width  of  the 
slot  a  and  much  less  than  d ,  and  the  value  of  By  in  the 
magnet  volume  is  practically  constant  and  equal  to  Bq  . 

Any  point  of  the  curve  B  ^  f(H)  in  Fig.  9  corre¬ 
sponds  to  the  steady-state  mode  of  magnetization.  The 
dynamics  of  interaction  of  the  moving  field  Hy  and 
moving  magnetization  areas  is  similar  to  the  dynamics  of 
interaction  of  the  moving  electromagnetic  wave  and 
bundles  of  electrons  moving  in  the  same  direction  in 
travelling-wave  tubes.  In  the  steady-state  mode  of  the 
flow  velocity  of  two  streams,  —  I'J,  are  equalized. 
Each  of  the  streams  can  be  a  source  of  the  energy  trans¬ 
ferred  to  the  second  stream.  For  example,  if  magnets  are 
accelerated  by  applying  the  mechanical  force  then  the 
moving  field  By  excites  a  wave  with  the  field  Hy , 
accumulating  the  magnetic  energy  in  this  wave. 
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The  stream  Hy ,  influencing  the  field  By  ,  creates  the 
ponderomotive  force  F ,  which  will  rotate  the  magnet. 
To  describe  the  specified  processes  we  shall  set  up  a 
differential  equation  connecting  the  mechanical  force  F 
with  the  speed  =  VJ,  and  the  fields  Hy  and  By  , 

To  simplify  the  analysis  we  shall  replace  hysteresis 
areas  (Fig.  10a)  with  the  section  a  xb  and  the  height  h 
by  the  wire  loop  of  the  same  section  with  the  current  I . 

For  ferromagnets  the  intensity  of  the  magnetic  po¬ 
larization  M  exceeds  essentially  the  intensity  of  the 
regulating  field  Hy .  The  value  of  M  for  the  magnet 
is  equal  to  the  product  of  the  number  of  focused  di¬ 
poles  (domains)  in  a  volume  unit  and  the  magnetic 
moment  m  of  each  dipole  [2].  At  that,  it  is  not  impor¬ 
tant  what  keep  the  dipole  direction  save:  applying  the 
external  field  Hy  or  spontaneous  self-organization  of 
domains.  In  our  case  the  magnetic  polarization  inten¬ 
sity  can  be  considered  equal  to  the  field  By  ,  i.e.: 

M  ^  By  (9) 

The  change  of  the  internal  field  M  of  the  magnet 
material  and  accordingly  By  is  regulated  by  the 
hysteresis  curve  Fig.  1 1. 

If  the  field  By  is  supposed  to  be  equal  in  the  section 
a  xb  both  for  the  hysteresis  area  and  for  the  loop,  then 
the  value  of  the  current  I  is  determined  by  the  ratio: 

I  =  Byh  (10) 

The  input  field  Hy  tends  to  move  apart  the  loop 
wires  with  the  opposite  current  I  (see  Fig.  10c).  If  the 
cosinusoid  Hy  is  located  symmetrically  to  the  magnet 
center,  the  resultant  force  F  =  (Fi  -  F2),  effecting  on 
the  loop,  will  be  equal  to  zero.  For  other  positions 
(x  ^  0  in  Fig.  7b)  the  resultant  force  F  is  not  equal  to 
zero  and  can  have  various  directions  on  the  axis  X, 
accelerating  or  slowing  down  the  structure  rotation  ve¬ 
locity  Fig.  8.  Taking  into  account  the  small  value  a  in 
comparison  with  the  sinusoid  period  d ,  the  value  of  the 
force  F  (the  Lorentz  force)  is  determined  by  the  ratio: 

F^I-a^b{dHy/dx)^^^^  (11) 

Differentiating  (6)  with  respect  to  x  we  shall  ob¬ 
tain  the  force  effecting  on  one  domain  area: 

F  =  Hj^i  ’  I  ^  2tt / d  •  a  '  b  '  sin27r(a:  -  XQ)/d  (12) 
Substituting  the  value  of  the  current  I  fi’om  ratios 
(10)  and  (6)  into  (12)  we  shall  obtain: 

F  —  a  ‘b  ’  h[Bo  +  B^^^  cos27r/ d{x  —  rco)]  x 

X  27r  / d  sin  27r(a:  —  x^)  / d 
In  turn  the  force  F  is  determined  by  weight  and 
acceleration  of  the  structure  with  magnets: 

F  =  mdv  !  dx  (14) 

where  m  —  'yabfiN  is  the  total  weight  of  the  magnet  in 
the  system  Fig.  8;  7  is  the  relative  density  of  the  magnet 
material;  v  is  the  system  speed  of  rotation  Fig.  8. 

From  (13)  and  (14)  we  shall  obtain  the  differential 
equation  describing  the  interaction  of  two  moving  ele¬ 
ments  of  the  system  Fig.  8  with  close  speeds  «  T4 : 
^dv  j dt  —  I'K  j dHjji  sin 27r / d{x  —  Xq) 

[  Bq  +  ^7/1  cos(27ra;/  d)] 


where  x  ~  Vit;  Xq  ^  Qq  (y27r ;  d ,  7  are  specified 
parameters. 

According  to  (7),  (8)  and  taking  into  account  the 
fact  that  the  period  T  =  d/v,  wc  shall  obtain  the 
additional  ratio: 

Q  =  eiTcsm{kHcBjj^d  /  irHjnBQv)  (16) 

The  quantity  Hq  does  not  obviously  appear  in  (15)  and 
(16).  Granting  this,  specifying  the  fixed  quantity  H„^  is 
enough  to  solve  the  differential  equation  (15),  subject  to 
(16),  entering  some  speed  value  as  an  initial  condition, 

6.  The  Possible  Machanism  of 
Formation  of  the  Radial  Electric 
Field 

To  provide  a  constant  rotation  of  the  ring  with  slots  in  the 
system  Fig.  7  that  is  in  the  stationary  mode  of  rotation 
(1/  =  )  it  is  necessaiy  to  sustain  a  certain  level  of  the 

radial  electric  field.  It  is  possible  to  assume  that  in  the  ra¬ 
dial  i2r-ring  (Fig.  5)  ^e  rotating  heterogeneities  M 
(Fig.  6)  excite  the  rotating  magnetic  field  Hy  not  only  on 
^e  internal  surface  of  the  ring  about  the  magnet  (Fig.  8), 
but  also  on  the  external  surface.  We  can  assume  that  the 
field  Hy  will  stimulate  the  input  of  some  electromagnetic 
field  formations  moving  chaotically  in  vacuum  and  self¬ 
organizing  into  radially  directed  fields  to  the  radial  Rr  - 
ring.  Thereby  the  stationary  mode  of  rotation  is  sustained 
near  the  external  area  of  the  ring.  A  similar  mechanism  of 
self-excitation  of  the  magnetic  field  in  a  conducting  me¬ 
dium  (with  zero  density  of  the  distributed  charge)  is  con¬ 
sidered  in  [3].  The  effect  is  named  «1he  turbulent 
dynamo».  In  the  loop  in  the  conducting  medium  it  is  spon¬ 
taneous  because  of  small  casual  distortions  being  accom¬ 
panied  with  the  occurrence  of  weak  electric  and  magnetic 
fields,  can  intensify  on  the  average  owing  to  the  vrirl  and 
at  the  madium  certain  sizes  and  microturbulences,  and 
create  the  constant  magnetic  field. 

7.  Conclusion 

The  considered  self-sustaining  mechanisms  of  rotation  in 
systems  with  magnets  should  be  regarded  as  theoretical 
hypotheses  that  require  an  experimental  check  and  more 
detailed  mathematical  simulation,  in  particular  on  the  basis 
of  programs  of  the  Rr  -grid  analysis  taking  into  account 
the  body  motion  and  hysteresis  effects  in  magnets. 
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Abstract 

The  problem  of  plane  electromagnetic  wave  diffracted  by  a  conical  structure  with 
longitudinal  slots  is  considered.  The  plane  wave  propagates  along  the  cone  axis.  The 
problern  solution  method  uses  the  Kontorovich-Lebedev  transform  and  the  analytical 
regularization  procedure.  It  is  shown,  that  electromagnetic  problem  is  equivalent  to 
the  solution  of  the  linear  algebraic  equations  system  for  Fourie  coefficients  of  scat¬ 
tered  field  components.  The  numerical  algorithm  for  solving  this  system  is  con¬ 
structed.  Two  cases  of  electromagnetic  plane  wave  polarization  are  considered. 
Scattered  field  patterns  are  given  to  investigate  slot  effects. 

Keywords:  conical  antenna,  slots,  plane  wave  diffraction,  scattered  field  patterns. 


1.  Introduction 

Conical  structures  have  some  special  features.  They 
are  omnidirectional  and  super-wide-band  in  radiation 
pattern  and  matching. 

The  excitation  problems  of  this  structure  by  radial 
dipoles  have  been  considered  in  the  previous  works 
[1].  However,  the  solution  of  the  diffraction  problem 
for  such  structure  is  of  a  great  interest  from  the  stand¬ 
point  of  antenna  technique  and  radar  applications. 

The  task  of  this  paper  is  to  find  numerical  solution 
for  plane  wave  field  diffraction  problem  and  to  ana¬ 
lyze  slot  effects  on  scattering  characteristics. 

2.  Problem  Formulation  and 
Solution  Method 

Let  a  homogeneous  plane  electromagnetic  wave  be 
incident  on  a  thin  perfectly  conducting  semi-infinite 
circular  cone  with  N  longitudinal  slots  (Fig.  1).  Plane 
wave  propagates  along  the  cone  axis.  The  time  de¬ 
pendence  is  given  in  the  form  .  In  the  employed 
spherical  coordinate  system  (r,0,y)) ,  with  the  origin 
at  the  cone  tip,  the  conical  surface  E  is  defined  by 
the  equation  0  =  7  .  The  period  /  =  2a- /TV  and  the 
slot  width  d  are  angular  values. 

The  presence  of  a  cone  with  longitudinal  slots  leads 
to  arising  of  a  scattered  field  The  total 

field  for  E ,  H  has  the  form: 

E  =  ^  £(•''■  ),  H  =  #<”'  )  -I-  (I) 

where  E^”'  \  )  denote  the  primary  plane  wave 

field.  We  will  express  the  components  of  the  electro¬ 


magnetic  field  in  terms  of  the  electric  and  magnetic 
U2  Debye  potentials  and  then  reduce  the  initial  electro¬ 
magnetic  problem  to  two  scalar  boundary-value  Dirihlet 
and  Neumann  problems  for  the  f/j  and  U2  potentials. 

We  will  treat  two  cases  of  polarization  of  the  pri¬ 
mary  field,  namely, 

Eiin)  =  (0,£^",0),  =  (/fi”'),0.0), 

2.1.  Case  A 

In  accordance  with  the  representation  of  Debye  poten¬ 
tial  (j  =  1,2)  for  plane  wave  field  we  will 
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look  for  the  solution  in  the  Kontorovich-Lebedev  in¬ 
tegral  transform  [2]: 

=  (2) 


vU.  =  -/ 


H^{kr) 


^  =  mo  +  J/,  -1/2  <iy  <  1/2,  mo  is  an  integer 

closest  to  m/AT,  a(j)  =  (-1^"^  Coefficients  ei{]n 
are  independent  of  the  wave  number  k  and  are  esti¬ 
mated  at  (n  +  u)N  >  1 , 


E 


^  ^-ih+iri^  ^ihn  +  nN),^  ’ 


2k^  r  dj^' 


rjU)  —  Y'  tU)  X 

^771  /  ^  Sm  +  7lV  ^ 

7l  =  — CO 

^P,-""-»l(±eos-r) 

where  P/“(cos^)  is  the  associated  Legendre  function, 
and  are  unknown  coefficients  related  by  ex¬ 


Hie  coefficients  47i?n  do  oot  depend  on  the  wave 

number,  and  this  is  convenient  for  studying  field  patterns. 

One  should  modify  the  system  (8),  (9)  of  paired 
equations  to  apply  a  regularization  procedure  that 
exploits  the  Riemann-Hilbert  problem  method.  After 
using  this  procedure  we  obtain  the  two  independent 
Fredholm  infinite  system  of  linear  algebraic  equations 

(ISLAE)  of  the  second  kind  for  47(1  ( i  =  1, 2 )  in  the 
following  form: 

+00  1  I 

DA^)y%  =  v'^{u)+  E  (12) 

y^n  =  +  E 


^  V 

p=—oo  ^ 


n  +  1/  inL 


pression: 


=  .lim 


*r— »l/2 


The  upper  signs  in  (4),  (6)  correspond  to  the 
0  <  ^  <  7  range,  and  the  lower  signs  correspond  to 

the  7  <  ^  <  TT  range. 

The  boundary  condition  imposed  on  the  cone  and 
the  field  continuity  condition  on  the  slots  yield  a  sys¬ 
tem  of  dual  serious  equations: 


/  j  ^m,n 


^inNip  _  giwioVv? 


,  TTd/Z  <  |iV<p|  <  7r,(8) 


+00 

E  [Nin  +  ^(1  -  =  0.  ^ 

n——cc 

\N<p\<-Kd/l, 

where  are  known  coefficients: 

n 

(_l)(»+WJV+i-i chTTT  r(l/ 2  +  fr  +  (n  +  i/)iV) 
rr(sin7)^““l'll  r(l/ 2  +  fr  —  (ra  +  i')N) 

_ 1 _ 


n  /  \  2Fj,_iC-U) 

and  1  -  =  YIYij-  .  «  =  cosLAtt  , 

■L  ^m,n 

VnZiiu),  V^{u),  k^7r-\(^)  are  known  functions. 

The  infinite  system  of  linear  algebraic  equations  of 
the  second  kind  for  47?,n  is  obtained  in  [2]. 

The  solution  of  the  matrix  equation  exists,  is  unique, 
and  can  be  approximated  by  solving  a  truncated  matrix 
equation  for  arbitrary  problem  parameters. 

2. 7. 7,  Numerical  results 

To  demonstrate  the  slot  effect  on  the  far  field  scatter¬ 
ing  patterns,  we  place  patterns  for  an  isotropic  cone  (a 
perfectly  conducting  cone  without  slots)  and  a  slotted 
cone  both.  Thus,  Fig.2  depicts  a  pattern  for  an  iso¬ 
tropic  cone  (  7  =  45'’ ,  ^  =  99^ ).  Patterns  for  this 
cone  with  one  slot  are  shown  in  Fig.3.  It  is  observed 
that  the  slot  width  varying  leads  to  the  transformation 
of  the  scattered  field.  The  narrow  slot  ( d  <  5® )  has 
little  effect  on  the  scattering  pattern. 

2.2.  CASEB 

The  structure  of  the  potentials  and  their  representation 
in  the  form  of  the  Kontorovich-Lebedev  integral  are 
analogous  to  (2)-(7),  as  in  case  A.  The  unknown  Fou- 
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Fig.  2.  ^ -plane  scattering  pattern  for  an  isotropic 
cone (7  =  45°,  6  =  99°) 


Fig.  3.  -plane  scattering  patterns.  Scattered  far 
field  dependence  on  the  slot  width  d 
(7  =  45°,  e  =  99°)  ].d  =  b°, 

2.d  =  30°, 3.  d  =  60°, 4.  d  =  120°, 

5.d  =  180°, 6,  d  =  240°, 7.  d  =  300° 

rier  coefficients  satisfy  the  same  dual  serious 
equations  (8H9)  and  two  ISLAEs  (12)-(I3). 

2.2.1.  Numerical  results 

The  ip  -plane  scattering  patterns  for  the  case  of  H  - 
polarized  plane  wave  are  shown  in  the  Figs.  4-5. 
Thus,  Fig.  4  depicts  pattern  for  an  isotropic  cone 
(7  =  22,5°,  6  ■=  .54°).  Patterns  for  this  cone  with 
one  slot  are  shown  in  Fig.  5. 

3.  Conclusion 

The  solution  to  the  problem  of  electromagnetic  plane 
wave  diffraction  on  a  conical  structure  has  been  ob¬ 
tained  with  the  Kontorovich-Lebedev  integral  trans¬ 
form  and  the  analytical  regularization  procedure. 
Numerical  results  have  been  presented  to  show  the 
variation  of  the  scattering  patterns  when  the  slot  width 
is  varied.  Results  show  that  a  narrow  slot  has  little 
effects  on  scattering  patterns. 


270 

Fig.  4.  ip  -plane  scattering  pattern  for  an  isotropic 
cone (7  =  22,5°,  0  =  54°) 


90 


Fig.  5.  ip  -plane  scattering  patterns.  Scattered  far 
field  dependence  on  the  slot  width  d 
(7  =  22,-5°,  e  =  54°)  ].d  =  .5°, 

2.  d  =  60°,3.  d  =  120°, 4.  d  =  180°, 

5.  d  =  240°,  6.  d  =  300° 
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Abstract 

Foundations  of  measure  theory,  the  Hausdorff-Besicovitch  measure,  fractal  no¬ 
where  differentiable  Boltzano,  Weierstrass,  Cantor,  Riemann,  Darboux,  Van-der- 
Waerden,  Koch,  Sierpinski,  Besicovitch,  and  Weierstrass-Mandelbrot  functions,  and 
also  some  atomic  functions  possessing  fractal  properties  are  considered.  For  the  first 
time,  the  atomic-fractal  functions  are  constructed.  The  theory  proposed  and  justified 
is  illustrated  on  problems  of  synthesis  of  fractal  radiating  structures  by  means  of 
modeling  the  corresponding  physical  processes. 

Keywords:  fractals;  antenna  arrays;  antenna  theory;  antenna  radiation  patterns;  low- 
si  delobe  antennas;  array  signal  processing;  atomic  functions;  R-functions. 


1.  Introduction 

The  name  ‘fractal’,  from  the  Latin  ‘fractus’  meaning 
broken,  was  given  to  highly  irregular  sets  by  Benoit 
Mandelbrot  in  his  foundational  essay  in  1975  [1]. 
Since  then,  fractal  geometry  has  attracted  widespread, 
and  sometimes  controversial,  attention.  The  subject 
has  grown  on  two  fronts:  on  the  one  hand  many  ‘real 
fractals’  of  science  and  nature  have  been  identified. 
On  the  other  hand,  the  mathematics  that  is  available 
for  studying  fractal  sets,  much  of  which  has  its  roots 
in  geometric  measure  theory,  has  developed  enor¬ 
mously  with  new  tools  emerging  for  fractal  analysis. 
This  paper  concerned  with  the  mathematics  of  fractals 
and  application  to  antenna  theory  [2-9]. 

Various  attempts  have  been  made  to  give  a  mathe¬ 
matical  definition  of  a  fractal,  but  such  definition  has 
not  proved  satisfactory  in  a  general  context.  Here  we 
avoid  giving  a  precise  definition,  preferring  to  con¬ 
sider  a  set  E  in  Euclidean  space  to  be  a  fractal  if  it 
has  all  or  most  of  the  following  features: 

(i)  E  has  a  fine  structure,  that  is  irregular  detail  at 
arbitrarily  small  scales. 

(ii)  E  is  too  irregular  to  be  described  by  calculus 
or  traditional  geometrical  language,  their  locally  or 
globally. 

(iii)  Often  E  has  some  sort  of  self-similarity  or  self- 
affinity,  perhaps  in  a  statistical  or  approximate  sense, 

(iv)  Usually  the  ‘fractal  dimension’  of  E  (defined 
in  some  way)  is  strictly  greater  than  its  topological 
dimension. 

(v)  In  many  cases  of  interest  E  has  a  very  simple, 
perhaps  recursive,  definition. 

(vi)  Often  E  has  a  ‘natural’  appearance. 


Examples  of  fractals  abound,  but  certain  classes 
have  attracted  particular  attention.  Fractals  that  are 
invariant  under  simple  families  of  transformations 
include  self-similar,  self-affine,  approximately  self¬ 
similar  and  statistically  self-similar  fractals.  Certain 
self-similar  fractals  are  especially  well-known:  the 
middle-third  Cantor  set,  the  von  Koch  curve,  the  Sier¬ 
pinski  triangle  (or  gasket)  and  the  Sierpinski  carpet, 
see  Fig.  1 .  Fractals  that  occur  as  attractors  or  repellers 
of  dynamical  systems,  for  example  the  Julia  sets  re¬ 
sulting  from  iteration  of  complex  functions,  have  also 
received  wide  coverage.  Fractal  geometry  is  the  study 
of  sets  with  properties  such  as  (i)-(vi).  Many  of  the 
questions  that  are  of  interest  about  fractals  are  parallel 
to  those  that  have  been  asked  over  the  centuries  about 
classical  geometrical  objects.  These  include: 

a)  Specification.  We  seek  efficient  ways  of  defining 
fractals.  For  example,  iterated  functions  systems  pro¬ 
vide  one  way  of  specifying  fractal  of  certain  classes. 

b)  Local  description.  Locally  a  smooth  curve  looks 
like  a  line  segment.  Whilst  fractals  do  not  have  such 
simple  local  structure,  notions  such  as  densities  and 
tangent  measures  provide  some  local  information. 

c)  Measurement  of  fractals.  The  usual  way  of 
‘measuring’  a  fractal  is  by  some  form  of  dimension. 
Nevertheless  dimension  provides  only  limited  informa¬ 
tion  and  other  ways  of  quantifying  aspects  of  fractality 
are  being  introduced.  For  example,  ‘lacunarity’  and 
‘porosity’  are  used  to  describe  the  small-scale 
preponderance  of  ‘holes’  in  a  set.  For  such  quantities  to 
have  more  than  just  descriptive  use,  their  definitions 
and  properties  need  a  sound  mathematical  foundation. 

It  may  be  argued  that  there  is  too  much  emphasis 
on  dimension  in  fractal  analysis.  Certainly,  dimension 
(with  its  various  definitions)  tends  to  be  mathemati¬ 
cally  tractable  and  can  often  be  estimated  experimen¬ 
tally.  Moreover,  the  dimension  of  an  object  is  often 
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Fig.  1.  First  four  stages  of  constructing  the  Sierpinski 


b) 

carpet  (a)  and  Sierpinski  gasket  (b) 


Fig.  2. 


a) 

Contour  and  surface  plots  for  equations  of  the 
R-fiinction  method 


b) 

Sierpinski  carpet  (a)  and  gasket  (b)  constructed  by  the 


related  to  other  features,  for  example  the  rate  of  heat 
flow  through  the  boundary  of  a  domain  depends  on 
the  dimension  of  the  boundary,  and  the  dimension  of 
the  attractor  of  a  dynamical  system  is  related  to  the 
dynamical  parameters  such  as  the  Liapunov  expo¬ 
nents.  However,  many  fractal  aspects  of  n  object  are 
not  reflected  by  dimension  alone  and  other  suitable 
measure  of  fractality  are  much  needed. 

d)  Classification.  We  seek  ways  of  classifying  frac¬ 
tals  according  to  significant  geometrical  properties. 
One  approach  is  to  regard  two  sets  as  ‘equivalent’  if 
there  is  a  bi-Lipschitz  mapping  between  them  (just  as  in 
topology  two  sets  are  considered  equivalent  if  they  are 
homeomorphic)  and  to  seek  ‘invariants’  for  equivalent 
sets.  For  example  two  sets  that  are  bi-Lipschitz  equiva¬ 
lent  have  the  same  dimension,  but  dimension  is  far 
from  a  ‘complete  invariant’  in  that,  except  for  certain 
rather  specific  classes  of  sets,  there  can  be  many  non¬ 
equivalent  sets  of  the  same  dimension. 

e)  Geometrical  properties.  Properties  of  orthogonal 
projection,  intersections,  products,  etc.,  are  often  of 
interest. 

f)  Occurrence  in  other  areas  of  mathematics.  Frac- 
tals  arise  naturally  in  many  areas  of  mathematics,  for 
example,  dynamical  systems  or  hyperbolic  geometry. 


The  general  theory  of  fractals  ought  to  relate  easily  to 
these  areas. 

g)  Use  of  fractals  to  model  physical  phenomena. 
There  are  many  ‘approximate  fractals’  in  physics  and 
nature,  and  these  can  often  be  modeled  by  ‘mathe¬ 
matical’  fractals.  Ideally  the  mathematical  theory 
should  then  tell  us  more  about  the  physical  situations. 
One  of  the  effective  methods  for  description  of  ob¬ 
jects  with  fractal  properties  of  boundaries  is  the 
method  of  R-functions  [10].  For  the  first  time,  it  was 
applied  for  constructing  equations  of  boundaries  of 
the  Sierpinski  carpet  and  gasket  (Fig.  2). 

So,  last  years  of  the  last  century  were  marked  by  in¬ 
tensive  investigation  in  fractal  geometiy'.  It  should  be 
mentioned  that  fractals  appeared  more  than  one  hun¬ 
dred  years  ap  were  met  with  caution  as  it  was  also 
many  times  in  the  history  of  other  new  mathematical 
ideas.  The  report  consists  of  some  parts.  First  four  of 
them  are  devoted  to  the  foundation  of  measure  theory, 
measure  of  Hausdorff-Besicovitch  [1-4],  fractal  no¬ 
where  differentiable  functions  constructed  by  Boltzano, 
Besicovitch,  and  some  AF  possessing  fractal  properties. 
The  effectiveness  of  application  of  both  classical  fractal 
functions  and  new  atomic-fractal  functions  [5,  9]  in 
problems  of  antenna  synthesis  is  shown  in  the  last  part 
by  means  of  the  numerical  experiment. 
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2  Atomic  and  Atomic-Fractal 
Functions 

By  definition,  AF  are  the  compactly  supported  infi¬ 
nitely  differentiable  solutions  of  differential  equations 
with  a  biased  argument, 

M 

Lfix'>  =  Xy^^c(k)f{ax  —  la!  >  1 ,  (1) 

k=l 

where  T  is  a  linear  differential  operator  with  constant 
coefficients.  Main  classes  of  AF,  their  properties  and 
applications  are  described  in  [5-9].  Using  the  afore¬ 
mentioned  results  and  taking  into  account  ideas  and 
results  presented  in  [5-9],  let  us  consider  the  construc¬ 
tion  of  the  new  class  of  atomic-fractal  fiinctions 
(AFF).  To  understand  the  proposed  approach  we  will 
describe  its  main  stages.  The  operation  of  multiplying 
the  distribution  (for  example,  up(a;),  7r„i(a:))  by  a 
number  or  an  ordinary  function  (in  our  case,  the  Bolt- 
zano,  Van-der-Waerden,  Besicovitch,  and  Weier- 
strass-Mandelbrot  functions)  is  well-known.  Note  that 
a  multiplication  of  AF  by  the  classic  fractal  function 
is  a  direct  product  of  two  or  more  functions.  This  im¬ 
plies  the  following  statement. 

Statement  1.  Let  jR”  and  be  two  Euclidean 
spaces  of  dimensions  n  and  m  respectively,  and 
X  =  {x-^,x.2,...,x„)  and  y  =  {yi,y2,-,ym)  6  R’"  be 
the  points  in  these  spaces.  Then  the  Cartesian  product 
of  these  spaces  i?"  x  i?”*  =  ^m+n  jg  ^  Euclid¬ 
ean  space  of  dimension  n  +  m.  The  pairs  (x^y)  = 
=  (a;i,a;2,...,a;„,yi,?/2vM2/m)  are  the  points  of  these 
spaces,  and  coordinates  are  written  in  the  proper  order. 

Statement  2.  Let  f{x)  and  g{y)  be  two  numerical 
functions,  and  x  e  E\y  e  .  By  definition,  the 
function 

u{x,y)  =  fix)  X  g{y)  =  f{x)  ■  g{y) ,  (2) 

defined  on  ,  is  called  the  direct  product  of  func¬ 
tions  f{x)  and  g{y) . 

Therefore,  the  direct  product  of  two  functions  coin¬ 
cides  with  an  ordinary  product'  and  is  commutative, 
associative,  and  distributive  with  respect  to  the  sum  of 
functions  defined  on  the  same  space.  Note  that  if,  par¬ 
ticularly,  functions  f{x)  and  g{y)  are  locally  inte- 
grable  from  E  into/?'",  then  their  direct  product 
u{x,y)  is  a  function  that  is  locally  integrable  on 
jjito  account  the  statements  1  and  2 
(the  strictly  justification  demands  a  separate  investiga¬ 
tion),  we  constructed  AF  multiplied  by  classical  frac¬ 
tal  functions  [9]. 

3  Synthesis  of  Atomic-Fractal 
Radiation  Patterns 

Unlike  the  traditional  techniques  [4,  9],  when  smooth 
antenna  RP  are  synthesized,  the  fractal  synthesis  is 
based  on  the  idea  of  realization  of  radiation  character¬ 
istics  with  a  repeating  structure  in  arbitrary  scales. 
Such  an  approach  allows  the  new  regimes  of  operat¬ 
ing  to  be  constructed  in  fractal  problems  of  antenna 


Fig.  3.  The  linear  antenna  array  with  2N  equally- 
spaced  elements 


synthesis  [4-9].  A  family  of  functions,  called  the  gen¬ 
eralized  Weierstrass  functions  [2-5]  are  known  to  play 
a  pivotal  role  in  the  theory  of  fi*actal  radiation  pattern 
synthesis.  These  functions  are  everywhere  continuous 
but  nowhere  differentiable  and  exhibit  fractal  behav¬ 
ior  at  all  scales.  This  class  of  functions  can  be  repre¬ 
sented  by 

00 

/ca:)  =  (3) 

where  l<i}<2,gisa  suitable  bounded  periodic 
function,  and  77  >  1. 

The  element  spacing  provides  a  third  variable,  in 
addition  to  the  amplitude  and  phase  of  the  array  exci¬ 
tation  currents,  with  which  we  can  control  the  radia¬ 
tion  pattern.  The  array  factor  for  the  nonuniformly  but 
symmetrically  spaced  linear  array  of  2N  elements 
illustrated  in  Fig.  3  may  be  expressed  in  the  form 

fiO)  =  cos(/u  4  cosl9  -}-  a,, ) .  (4) 

Here,  A;  =  27r/A,  and  are  amplitude  and 

phase  excitations,  respectively,  d,^  represents  the  ar¬ 
ray  element  locations.  Suppose  the  factor  of  an  array 
with  infinite  number  of  elements  to  be  expressed  by 
the  generalized  Weierstrass  function  (3)  with  cosine 
function  g  and  random  phase  a„  as 

/(a)  =  cos{arfu  +  a„  ),  (5) 

where  a  is  a  constant.  The  current  amplitude  and  ele¬ 
ment  location  satisfy  the  following  conditions: 

4  =  k  4  =  arf\  (6) 

where  u  ~  9  .  The  fractal  RP  defined  by  (5)  pos¬ 

sesses  the  self-similarity  at  the  infinite  range  of  scales. 
In  practice,  physically  realizable  arrays  consist  of  a 
finite  number  of  elements,  i.e.,  here,  we  have  a  trun¬ 
cated  series 

/at  (u)  =  +  a„ ).  (7) 

Expression  (7)  represents  the  array  factor  for  a  non- 
uniform  linear  array  of  2N  elements  with  current 
amplitudes  and  phases  given  by  (5).  Thus,  in  this  case 
the  Weierstrass  partial  sum  (7)  may  be  classified  as 
band-limited  since  the  resulting  RP  only  exhibits  ffac- 
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tal  behavior  over  a  finite  range  of  scales  with  lower 
bound  2^: !  ax)  .  The  range  of  scales  may  be  con¬ 
trolled  by  the  number  of  elements  N  in  the  array.  That 
is,  the  addition  of  tv^o  or  more  elements  to  the  array 
has  the  effect  of  enhancing  the  fine  structure  in  the 
RP.  The  maximum  value  (7)  for  angle  0q  is 

(8) 

and  is  determined  by  the  choice  of  the  excitation  cur¬ 
rent  phase  Q„  =  -ar]”Uf^  for  Uq  =  cos^q.  Series  (8) 
represents  a  geometric  progression,  therefore, 


1  _  jj(D-2)N 


(9) 


and  a  normalized  form  of  the  Weierstrass  array  factor 
can  be  obtained  by  dividing  (13)  by  (15)  that  yields 

[  1  _  ^(0-2)  I  N 

""  1  _  „(D-2)n  cos(a7?’'u  +  a„  ),(10) 
'•  J«  =  l 


where  the  normalized  excitation  current  amplitude  is 


j,,  =  ^(0-2X»-l)_ 


(11) 


Comparing  (6)  and  (1 1),  we  can  see  that  the  fractal 
dimension  of  the  RP  can  be  controlled  by  the  array 
element  current  distribution.  The  distance  between 
any  two  consecutive  array  elements  is  given  by 


4+1  -d„ 


a{T]-l)rf 

27r 


A,n  =  1,2,...,7V- 1.(12) 


Since  t?  >  1 ,  it  follows  that  t?"  >  j?  for  n  >  1 , 
Therefore, 

4+1  -4  >  4  -  dj,  n  =  2,3,...,Ar-l.  (13) 

Let  T  be  a  constraint  which  is  imposed  on  the 
minimum  separation  between  any  two  consecutive 
elements  of  the  array.  There  are  two  possible  cases 
satisfying  the  given  condition, 

4  —  4  ~  2"  and  4  >  t/2  (case  1), 

4  =  7-/2  and  4  -  4  >  r  (case  2). 

From  (13)  it  follows  that  if  (14)  is  satisfied,  then 
the  spacing  between  all  other  pairs  of  consecutive 
array  elements  will  automatically  satisfy  the  minimum 
separation  criterion  r .  An  expression  for  a  as  a  func¬ 
tion  of  r  and  -q  can  be  derived  by  solving  (6)  and 
(14).  The  result  is 


h  =  h  = 

oc„=^qa„_u  = -aqui^,  (16) 

4i  =  2/4,  _i,  4  =  oq^k, 

where  n  =  2,3,...,N . 

Further,  we  shall  consider  the  Weierstrass  array 
with  T  =  Xf2,  r  =  A/8.  Then,  from  (15)  for 
a  =  1  it  follows  that  q  =  2.34  ,  and  for  a  =  2  pa¬ 
rameter  ?!  =  1.3 .  Values  of  q  for  other  t  and  a  are 
presented  in  [9]  and  used  in  (15)  for  determining  the 
spatial  locations  of  array  elements.  Let  us  investigate 
now,  the  long  radiating  system  L  with  continuous 
current/ czi.  For  a  linear  source  of  infinite  length, 
characteristics  of  radiation  F iu^  and  current  distri¬ 
bution  If.z')  are  connected  by  the  pair  of  Fourier 
transforms 

poc 

F(u>  =  I  I(s:>exp(i  ■  27r  u  s)ds, 

r  r. 

/C5)=l  ^^<«)exp(-j.27r  5  M)*i, 

J  -00  '  ’ 

where  s  =  z/X.  Any  fractal  function  is  constructed 
by  using  recursive  algorithms  with  an  appropriate  gen¬ 
erating  function.  Suppose  that  the  RP  of  a  linear  radia¬ 
tor  of  infinite  length  may  be  represented  as  a  band- 
limited  generalized  Weierstrass  function  of  the  form 

=  (18) 

with  generating  function  g(.u'> .  Here,  we  assume  that 
gau-)  is  periodic  and  even,  i.e.,  g(u  +  2)  =  g(u\ 
^  c  -w )  =  p  ( « ) ,  In  our  case,  the  newly  obtained  fam¬ 
ily  of  generating  functions  has  the  following  form: 

F  =  7r,„(«)  is  a  compactly  supported  AFF 

(V.F.  Kravchenko  function), 

2.  gjf(u)  =  n,„(u)  ■  up(i)  is  a  V.F.  Kravchenko 
function  (the  product  of  fractal  function  tt,,,  («)  with 
“mother”  AF  up(a:)), 

3-  Pra(«)  V.F.  Kravchenko-Boltzano  function  (the 
product  of  “mother”  AF  up(a:)  with  the  Boltzano 
function), 

4.  pi'(ii)  is  the  classical  Van-der-Waerden  fractal 
function. 

Any  of  these  synthesized  functions  (1^)  can  be 
expressed  by  series 


Note  that  the  parameter  rj  governs  the  conver¬ 
gence  of  the  Weierstrass  array  factor.  The  closer  r?  is 
to  one,  the  slower  the  array  factor  will  converge  and 
the  more  elements  will  be  required  in  the  array.  At  the 
same  time,  the  spacing  between  consecutive  array 
elements  is  decreasing  as  7}  approaches  unity.  On  the 
other  hand,  it  should  be  noted  here  that  amplitudes  /„ 
and  phases  q„  of  the  excitation  current,  as  well  as 
spacings  between  elements  may  all  be  obtained  by 
an  iterative  procedure 


QiQ  %  ^  OC 

9<‘U'>  =  Y  +  2^,„^^0'm^os(m7ru:>,  (19) 

whose  Fourier  coefficients  are  determined  as 
=  2  r  gcut COR ( rmru > du  . 

V  0 

TTien,  substituting  (19)  into  (18),  we  get  the  expres¬ 
sion  for  the  RP  in  the  form 


„  J,D-2)N  _  1  OC  JV-1 


xcos|m7r7?’'uj. 


(20) 
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In  (20)  one  may  substitute  u-\-l  for  w .  The  result  is 

^  ao  -  1  , 

“  2  -1 

oo  fW-1  1 

+  Y1  “>«  Y1  cos(m7r7?”  (u  +  1)) 

m—l  [71=0 

=  2  f  g (u  —  l)coscm7ru) du  , 

Jo 

where  rj  >  1  and  1  <  jD  <  2 .  Expression  (21)  repre¬ 
sents  the  Fourier  expansion  of  the  fractal  RP  Fcu:> 
with  respect  to  the  basis  of  AFF  in  combination  with 
the  band-limited  cosine  Weierstrass  function.  This 
representation  is  called  the  Fourier-Weierstrass  ex¬ 
pansion.  The  current  distribution  for  a  linear  source, 
required  for  obtaining  the  given  RP,  using  (17)  is 
written  as 

/(5)  =  J"^Fcu:>exp(^—i27rsujdu,  (22) 

Here,  Fcu)  for  AFF  is  found  with  the  help  of  series 
(21).  Thus,  we  have 

(D~2)N  _ 

/<s)  —  Gq  - smc(27rs)  + 

__  I 

+  X)  X]  {exp(im7r»7” )  x  (23) 

m=l  n~0 

X  sine  ( 27rs  —  m7rr?”  )  -h 


( —i  mn  rf^  j  sine  ( 27rs  +  )  | . 


+  exp 


Expression  (23)  represents  the  required  current  dis¬ 
tribution  for  an  infinite  line  source.  For  a  finite  line 
source, 

/C5)  =  7(5),  ISl  <  7^,  /C5)  =  0, 15l  >  -^.(24) 
2A  2A 

Corresponding  expressions  for  the  synthesized 
AFF  RP  for  linear  radiating  system  L  are  expressed 
by  using  (17)  and  (24)  as 

(D-2)iV_i  f  r  r 

+  Si|’'T(l-“)ll+iEE“»’)'‘’"*x  (25> 


x|cos[m7r77’'  (u  +  l)]iS'„„,  (u)  + 

+  sm[m7rr7”  («  +  1)]C7„„  (u)J, 


where  functions  iS,,,,,  <«)  are  C,„„  (u)  are  defined  in 


[9]  and 


1  COS  t  —  1 


7  =  0.57721....  It  can  easily  be  shown  that 
lim  Fiu)  =  F(u)  and  Si(oo)  =  7r/2, 

L-*oc 

Ci(oo)  =  0,  Sjjnt  (ki)  —  27r,  <7„j„(oo)  =  0. 


Fig.  4.  The  fractal  array  RP  (a)  and  current  distribu¬ 
tion  in  ordinary  (b)  and  logarithmic  (c) 
scales.  The  Kravchenko  generating  function 
gniu)  =  7re(tt) . 

To  illustrate  the  synthesis  procedure  for  the  linear  ra¬ 
diation  source,  we  considered  some  examples  with  the 
generating  distribution  [9].  The  directivity  of  the  atomic- 
fractal  array  with  generating  functions  of 
V.F.  Kravchenko,  V.F.  Kravchenko-Boltzano,  and  Van- 
der-Waerden,  are  expressed  by  formulas  (14)  and  (15), 

(26) 

j_^f^(u)du 

where  /n  aff{'^)  is  determined  from  (21),  and  coeffi¬ 
cients  are  those  for  the  expansion  of  AFF  with 
respect  to  the  basis  of  band-limited  cosine  Weierstrass 
functions. 

To  illustrate  the  synthesis  procedure  for  the  linear 
radiation  source,  we  considered  some  examples  with 
the  generating  distribution. 

Using  the  properties  of  the  AFF  generating  func¬ 
tions  (the  V.F.  Kravchenko,  V.F.  Kravchenko- 
Boltzano,  and  Van-der-Waerden  functions),  let  us 
present  examples  of  normalized  RP  for  linear  sources 
F(n)  with  given  D,  rj,  and  N  shown  in  Fig. 4 

(V.F.  Kravchenko  generating  function  gK{u) ). 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  187 


Victor  F.  Kra\'chenko 


Fig.  5.  Linear  two-dimensional  antenna  array  with 
M  X  N  equally-spaced  elements. 


4.  Two-Dimensional  Fractal  Arrays 

Consider  the  case  of  a  two-dimensional  flat  symmetric 
phased  antenna  array  with  radiators  equal ly-spaced  at 
distances  d^.  along  x  axis  and  dy  along  y  axis.  We 

shall  study  two-dimensional  antenna  arrays  con¬ 
structed  on  the  base  of  combinations  between  atomic 
function  and  classical  fractal  functions.  Such  arrays 
belong  to  the  class  of  non-equally-spaced  arrays  with 
non-uniform  amplitude  distribution.  The  expression 
for  evaluating  radiation  pattern  has  the 

following  form  [5, 9]: 

•^11  +  cos(mV4)  -l-/i,,cos(mV'j,))-h 

cos(m4)cos(n^j,) 

^  for  {2A/  —  1)^  elements; 

- 1/2)4)  X 

xcos((n  - 1/2)  tp,j) 
for  {2Mf  elements, 
where 

4  =  kd^.{sm6 cosip  -  sin^o  cosyjo): 

4  =  ~  sin  4  sin  1^0 ). 

Further  we  calculate  a  (2M)'^ -element  array.  Here, 
the  latter  expression  will  take  the  form 

^(4-4)  =  cos((m  - 1/2)^,)  X 

xcos((n-l/2)^,), 

with  parameter  defined  by  a  form  of  a  fractal 
function 

_  fl,  5,;  <0; 

"  |o.B,,  >  0. 

Some  antenna  arrays  (the  Van-der-Waerden  and 
Kravchenko-Van-der-Waerden  functions  fy^y  and 


F(xjy) 

1.2 

1 

0.8 

( 
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b) 

Fig.  6.  Section  of  RP  by  OX  plane  (a)  and  current 
distribution  for  the  function  fjivpv  v) 

fKVDV‘.\ )  have  narrow  main  lobe  and  low,  for  fractal 
antennas,  sidelobe  level  (up  to  -30  dB). 
Non-equally-spaced  arrays,  based  for  example  on  the 
Kravchenko-Besicovitch  function,  allow  one  to  in¬ 
crease  d  >  X/2  at  small  values  of  the  aperture  mean- 

square  width,  i.e.,  additionally  enlarge  directivity 
without  increasing  number  of  elements.  Such  effect  is 
useful  for  antennas  with  electrical  scanning. 

Table  1  represents  the  aperture  mean-square  width 

4.  the  ratio  between  first  sidelobe  level  and  maxi¬ 
mum  sidelobe  level  ^ ,  dB,  and  directivity  for  some 
two-dimensional  distributions. 

5.  Conclusion 

Fractal  antenna  engineering  based  on  atomic-fractal 
functions  represents  a  relatively  new  field  of  research 
that  combines  attributes  of  fractal  geometry  and  theoiy’ 
of  functions  with  antenna  theory.  Research  in  this  area 
yielded  a  rich  class  of  new  designs  for  antenna  ele¬ 
ments  as  well  as  arrays.  The  overall  objective  of  this 
report  has  been  to  develop  the  theoretical  foundation 
required  for  analysis  and  design  of  fractal  arrays.  It  has 
been  demonstrated  here  that  that  there  are  several  de¬ 
sirable  properties  of  atomic-fractal  arrays,  including 
frequency-independent  multi-band  behavior,  schemes 
for  realizing  low-sidelobe  design,  systematic  ap¬ 
proaches  to  thinning,  and  the  ability  to  develop  rapid 
beam-forming  algorithms  by  exploiting  the  recursive 
nature  of  fractals  and  properties  of  atomic  functions. 
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Table  1. 


Function 

N 

4 

Directiv¬ 
ity  dB 

fKB{^,y) 

32 

2.0467 

33.3642 

-13.8 

fvDvi^^y) 

32 

1.6977 

33.8851 

-21.94 /-1 8.41 

fKVDvi^^y) 

32 

1.0722 

30.9002 

-29.7090 

fKVDVzi^i  y) 

64 

1.7685 

41.3202 

-33.15 /-15.9 

fKVDV'ii^^y) 

64 

1.7488 

41.5400 

-21.41  /-17.39 

y) 

128 

1.5975 

46.4948 

-12.58 

fHan{x,y) 

128 

2.1833 

49.5705 

-14.99 

fHan2i^,y) 

128 

1.4756 

47,1863 

-29.79 
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Abstract 

The  problem  of  eleetromagnctic  wave  radiation  from  an  arbitrarily  shaped 
waveguide  is  studied.  The  solution  process  consists  of  two  stages.  At  the  first  stage, 
the  internal  electromagnetic  problem  inside  a  waveguide  is  solved  with  the  use  of  the 
R-function  method  and  the  field  in  the  waveguide  open  end  is  determined.  At  the 
second  stage,  the  fields  in  the  far,  intermediate,  and  near  zones  arc  evaluated  using 
the  Kirchhoff  approximation. 

Keywords:  open-ended  waveguide.  Ritz-Galerkin  method,  R-function  method, 
general  solution  structure,  electromagnetic  field  radiation. 


1.  Introduction 

An  open  end  of  a  waveguide  can  be  considered  as  a 
basic  antenna  structure  [1].  The  radiation  from  open 
rectangular  and  circular  waveguides  is  well  studied 
unlike  the  case  of  complex-shaped  apertures.  That  is 
why  it  is  of  some  interest  to  examine  radiation  charac¬ 
teristics  of  waveguides  with  arbitrary  cross-sections  (H- 
shaped,  cross-shaped,  etc.).  This  needs  solving  the 
Dirichlet  (for  longitudinal  E-waves)  and  Neumann  (for 
longitudinal  H-waves)  eigenvalue  problems  with  corre¬ 
sponding  boundary  conditions  that  can  be  done  with  the 
help  of  numerical  approaches  only.  The  variational 
Ritz-Galerkin  method  with  an  appropriate  set  of  basic 
functions  is  one  of  the  most  universal  variational  tech¬ 
niques  for  solving  boundaiy-value  problems.  The  main 
difficulty  is  to  choose  basic  functions  satisfying  bound- 
^  conditions  exactly.  V.L.  Rvachev  [2]  solved  the 
inverse  problem  of  analytical  geometry  and  developed 
the  R-fiinction  method  (RFM)  for  constructing  the  im¬ 
plicit  real-valued  function  of  an  arbitrarily-shaped  do¬ 
main  boundary.  Given  such  a  function,  we  can  obtain 
basic  functions  for  the  Ritz-Galerkin  scheme,  satisfying 
boundary  conditions  exactly. 

Our  algorithm  consists  of  two  stages.  At  the  first 
stage,  we  evaluate  eigenfunctions  of  TE-  and  TM- 
fields  by  solving  the  internal  electrodynamic  problem 
for  a  waveguide.  To  satisfy  boundary  conditions  ex- 
actly,  the  RFM  general  solution  structure  is  used. 
Given  approximate  eigenvectors  and  eigenvalues,  at 
the  second  stage,  we  can  evaluate  external  radiation 
from  an  open  end  of  a  waveguide  and  study  its  main 
radiation  characteristics. 


2.  The  R-Function  Method 

Consider  the  domain  fi  c  with  piecewise  smooth 
boundary  dO. .  The  inverse  problem  of  analytical  ge¬ 
ometry  is  in  finding  the  function  (jj{x,y)  positive  in¬ 
side  n,  negative  outside  G,  and  vanishing  on  dCl .  So, 
=  0  implicitly  determines  the  boundary  equa¬ 
tion.  Let  n  be  composed  of  original  domains 
, . . . ,  n,„  with  the  help  of  theoretical-set  operations  of 
intersection  «  D  »,  join  «  U  »,  and  negation  «  »,  i.e., 

n  =  F({fii,...,n,„},{n,n,^}).  (i) 

Suppose  original  domains  have  simpler  geometry 
than  n ,  and  equations  of  their  boundaries  u)i{x,y)  =  0 
(i  =  l,...,m)  are  known.  The  R-fimetion  method  [2] 
allows  one  to  obtain  the  analytical  expression 
w{x,  y)  =  0  for  the  domain  Q  boundary  on  the  base  of 
its  theoretical-set  description.  The  function  whose  sign  is 
totally  determined  by  signs  of  its  arguments  is  called  the 
R-function  corresponding  to  the  partition  of  the  real  axis 
on  intervals  (— oo;0)  and  [0;oc).  Each  R-flinction  cor¬ 
responds  to  an  accompanying  Boolean  function  with  the 
same  number  of  arguments.  So,  the  function 
^  -  fix,y)  can  be  called  the  R-function  if  a  Boolean 
function  F  exists  such  that  %(3;,y)]  =  F[5(a:),S(2/)], 
where  the  two-valued  predicate  S{t)  =  0  for  f  <  0 
and  S{t)  =  1  for  f  >  0  .  The  most  popular  in  practice 
system  of  R-functions  is 

X  Ay  =  X  +  y  -  yjx^  +  y\ 

O) 

=  ■\l  x^  -f-  y^ ,  —ix  =  —x. 
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Substituting  in  (1)  Vt{ovu{x,y) ,  0,^  for  uJi{x,y) 
(z  =  and  symbols  {n,U,-i}  for  symbols  of 

R-operations  Vci,-'} ,  we  obtain  the  analytical 
expression  determining  the  equation  of  boundary  dCt , 

uj{x,y)  =  0.  (3) 

Equation  of  boundary  (3)  is  called  normalized  if 
du  /  O'"  —  -1,  where  "  is  the  vector  of  the  ex~ 

ternal  normal  to  .  The  normalized  function 
Q{x,y)  can  be  constructed  on  the  base  of  an  ordinary 
function  u;{x,  y)  in  the  following  way: 

= -5==^==  =  0,  (4) 

I  Vw  p 

where  C  =  const  >  0 .  It  is  important  to  note  that 
the  function  uj{x^y)  constructed  from  normalized 
functions  Ui{x,y)  with  the  help  of  R-operations  of 
system  (2)  will  also  be  normalized.  This  fact  allows  us 
to  simpliiy  the  process  of  constructing  the  normalized 
equation  of  a  boundary  composed  of  segments  of 
lines,  circles  and  other  algebraic  curves  of  the  second 
order  whose  normalized  equations  are  well-known. 
Let  us  find  the  solution  of  an  operator  equation  inside 
a  bounded  domain  fl  c  with  given  boundary 
conditions  on  dQ  .  The  general  solution  structure 
(GSS)  of  a  boundary  value  problem  is  determined  by 
the  expression 

u  =  ,  ■  (5) 

satisfying  the  boundary  conditions  exactly  under  an 
arbitrary  choice  of  the  undetermined  component  $ , 
Here,  F  is  the  operator  depending  on  the  geometry  of 
the  domain  ft  and  parts  of  its  boundary  dfti ,  and  cp  is 
the  known  function  entering  the  right  part  of  the 
boundary  condition.  Thus,  the  GSS  is  a  continuation 
of  boundary  conditions  inside  the  domain.  GSSs  for 
the  Dirichlet  ~  ^(x.y))  and  the  Neumann 

{du/ O'" \q^  =  ip{x,  y) )  boundary  value  problems  are 

U  =  (jJ^  +  (p 


=  (1  —  u)D)^  —  u)(p , 

respectively.  Here,  the  operator 

~[dxdx  dydyjQ^  ~  an' 

and  the  equation  uj{x,  y)  =  0  for  the  Neumann  condi¬ 
tion  must  be  normalized.  Structures  for  boundary 
conditions  of  other  types  (3rd  kind,  for  example)  are 
also  developed.  The  undetermined  component  4  in 
(5)  is  approximated  by  a  series 

M 

^  =  (6) 

71=1 

where  are  elements  of  any  full  system  of 

basic  functions  (see  Appendix),  such  as  algebraic  or 
trigonometric  polynomials,  splines,  atomic  functions 
[3],  etc.,  and  are  unknown  coefficients  found  with 


the  help  of  one  of  variational  or  projective  methods. 

R-flmctions  also  can  be  used  for  smoothing  sharp 
comers  of  domains.  The  expression  fi  f2  —  e  is 
not  the  R-conjunction  because  there  exist  points  in¬ 
side  the  domain  Q  such  that  /i  >  0  and  f2>0  but 
fi  Aa  f2  —  £  <  0.  At  the  same  time,  the  function 
/i  Aq  /2  —  e  is  positive  inside  a  subdomain  ft'  of 
the  domain  ft,  i.e.,  on  a  set  contained  together  with 
its  closure  in  n ;  if  f:  <  /i  A^  ^  then  the  set  dft' 
where  /  /2  -  e:  =  0  is  not  empty.  The  function 

whose  sign  everywhere  in  differs  from  the  sign  of 
an  R-flinction  on  a  set  ff  of  sufficiently  small  meas¬ 
ure  fift*  is  called  the  almost  R-function.  The  almost 
R-conjunction  fi  A^  f2  -  £  and  almost  R-disjunction 
fi  f2-£  are  denoted  by  /i  A^  /2  and  fi  /2, 
respectively.  Here,  a  constant  e  determines  measure 

of  the  set  fi  .  The  almost  R-functions  converge  to 
corresponding  R-functions  as  e  — ^  0 ,  i.e., 

lim/i  fi  =  /i  Aa  fi,  Hm/i  Vj  fi  =  f  fi. 

£->0  £-+0 

Instead  of  using  the  almost  R-operations,  one  can 
construct  an  equation  of  a  smoothed  boundary  directly  as 

uj,{x,y)  =  u>{x,y)  -e  =  0.  (7) 

The  latter  function  vanishes  on  the  boundary  of  the 
domain  fi^  c  fi  and  positive  inside  it.  The  frinction 

is  smooth  on  dft^ .  Analogously  to  (),  the  normal¬ 
ized  equation  for  the  boundary  of  the  domain  ft^  has 
the  form 

u>=  ,  ^^0.  (8) 

ylC(LJ  -  e)2+  I  Vw  p 

As  an  example,  let  us  smooth  the  comer  formed  by 
two  lines  intersecting  under  an  arbitrary  angle.  Let  the 
original  domains  be 

fii  —  {x  >  0) ,  ft2  =  {y  —  kx  >  0) , 

where  k  >  0.  Applying  the  almost  R-conjunction  to 
normalized  equations  of  these  domains,  we  get  a  new 
domain  with  boundaiy  described  by  the  equation 

y:^k{x-e)-\-  €{k  +  Vl  -f  +  4- VTTF*— ^  .(9) 

Equation  (9)  have  asymptotes  x  =  e  and 
y  —  kx  +  .  Maximum  curvature  is 

achieved  at  the  point  (A;  +  Vl  +  k‘^)xQ ) ,  where 

Xq  =£:(1  +  1/V2).  Here,  the  minimum  curvature 
radius  is 


and  the  curvature  center  is  situated  at  the  point  with 
coordinates 

Xc  =  6  1  +  +  1  —  1)^ )  , 

y^,  —  s^k  {1  V2)V A:^  -f- 1  j . 
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Fig.  I.  Smoothing  the  angle  between  two  lines 

From  (10)  it  follows  that  p,„i„  «  e  at  fc  <1  and 
Anin  ^  £/k  at  A:  »  1 .  Taking  into  account  the  fact 
that  k  is  the  cotangent  of  the  angle  6  between  original 
lines,  expression  (10)  can  be  rewritten  as 

Anil.  =  eVl  -  cos 0/(1  +  COS0).  (1 1) 

Fig.  1  illustrates  the  aforementioned  process  of 
smoothing  the  angle  between  two  intersecting  lines. 

3.  Radiation  from  a  Waveguide 

In  the  theory  of  regular  waveguides  the  partial  solu¬ 
tions  to  the  homogeneous  Maxwell  equations  are 
studied.  They  are  obtained  for  the  internal  part  of  a 
waveguide  under  the  condition  of  vanishing  tangential 
electric  field  on  waveguide  walls.  These  solutions  are 
separated  into  two  main  groups:  H-waves  or  TE,„„  - 
modes  and  E-waves  or  TM,,,,, -modes.  In  the  first 
case,  the  longitudinal  component  of  the  magnetic  field 
is  given  and  E,  =  O.Here,  H,  =  ; 

axes  Ox  and  Oy  are  oriented  in  the  plane  of  the 
waveguide  open  end  (aperture)  and  axis  Oz  is  per¬ 
pendicular  to  this  plane.  The  amplitude  H,  satisfies 
the  Helmholtz  equation 

AH,  +  g^H,  =0  (12) 

with  Neumann  boundary  condition  on  edges  of  the 
aperture  0Q 

dHJdV\Qn=Q.  (13) 

In  the  second  case,  we  know  the  longitudinal 
component  of  the  electric  field  E,  =  E,{x,y)c-''’\ 
H,  =  0 ,  and 

AE,+g%=0,  (14) 

Hz  |afi=  0  .  (15) 


In  (12),  (14)  g  =  -  7'^  and  k  =  27t/\ .  Rep- 

resent  the  unknown  solution  u  to  problems  (I2>-(13)  and 
(14)-(I5)  in  the  form  of  a  corresponding  GSS.  Using  the 
Ritz-Galerkin  technique,  we  obtain  the  generalized  ei¬ 
genvalue  problem  with  respect  to  the  vector  C  of  unde¬ 
termined  coefficients  of  expansion  (6): 

AC  =  -g^BC  ,  (16) 

Solving  (16),  we  obtain  eigenvalues  gf. 
(A:  =  0,1,...)  and  corresponding  eigenvectors 


% 


w 

l-uD 


Other  components  of  electrical  and  magnetic  fields 
are  found  from  the  Maxwell  equations.  Now  we  can 
evaluate  radiation  from  the  aperture  taking  into  ac¬ 
count  reflection  by  the  waveguide  aperture  edges.  The 
approximate  expression  for  reflectance  is 

r  =  (fc-7)/(/:4-7).  (17) 

We  must  multiply  the  found  electric  and  magnetic 
field  components  by  (1 -t- F)  and(l-r),  respec¬ 
tively.  The  tangential  components  of  the  radiated  far- 
zone  field  are  evaluated  as 

EQ{6,ip)  =  f  cos 0 sin +  kE,  sin^)  x 

(18) 

X  exp  [  —ik{x  sin  6  cos  99  +  y  sin  ^  sin  (,c>)  ]  dxdy, 

E^p{0^(p)  =  —  f  cos(p  +  cos 6  cos  (p)  x 

(19) 

X  exp  [  —ik{x  sin  0  cos  (p  y  sin  9  sin  99)  ]  dxdy, 

where  are  the  spherical  coordinates;  lv  =  ck  ,  c 
is  the  velocity  of  light;  and  E,,  are  tangential 
field  components  in  the  aperture. 


4.  Waveguides  with  Losses. 

Impedance  Boundary  Conditions 

In  the  case  of  finite  (but  relatively  large)  conductance 
a ,  the  non-zero  tangential  component  of  the  electric 
field  E^  presents  on  the  boundary  between  two  me¬ 
dia.  Here,  the  approximate  impedance  boundary  con¬ 
ditions  must  be  satisfied: 

Er  =  ZsH,  ,  (20) 

where  Zs  —  Rs  —  iXs  =  (1  -  7(2a)  is  the 

surface  impedance.  Condition  (20)  for  E-  and  H- 
waves  takes  the  form 


=  0 

dvi 

(21) 

and 

{dH,  .  ,  ) 

=  0, 

on 

(22) 

respectively, 

where  7]£  = 

=  g%/{kZs) 

and 

• 
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Fig.  2.  Contour  plot  for  the  normalized  equation  (30) 


Spectra]  problems  with  impedance  (3rd  kind) 
boundary  conditions  (21)  and  (22)  are  non-self-adjoint 
in  L2{Q)  .  For  arbitrary  domains,  the  existence  of  ei¬ 
genvalues  and  eigenfunctions  can  be  proven  but,  in 
general  case,  the  systems  of  such  functions  may  be 
incomplete  in  L2  (ft) .  It  can  be  shown  that  if  cr  1 
then  the  non-self-adjoint  operators  can  be  considered 
as  small  regular  perturbations  of  self-adjoint  ones. 
Their  spectrum  is  also  discrete  and  has  the  only  limit 
point  at  infinity,  and  their  eigenfunctions  form  func¬ 
tional  systems  complete  in  i/2(f^).  The  only  differ¬ 
ence  is  that  eigenvalues  of  non-self-adjoint  operators 
are  shifted  in  the  complex  plane. 

Under  presence  of  attenuation  in  the  waveguide 
walls,  the  longitudinal  wave  number  is  complex¬ 
valued,  i.e., 

7  =  /?-ia,  (23) 

where  a  is  the  attenuation  factor.  The  transversal 
wave  number  is  also  complex-valued  and 

g  =  9'  +  ig"  .  (24) 

Since  conditions  (21)  and  (22)  depend  on  the  un¬ 
known  wave  number  g ,  the  solution  of  a  boundary 
value  problem  for  the  Helmholtz  operator  becomes 
more  complicated.  The  simpler  procedure  is  usually 
used  in  practice,  when  one  assumes  approximately 
that  the  tangential  component  of  the  magnetic  vector 
Hj  coincides  with  the  analogous  component  evalu¬ 
ated  on  a  perfectly  conducting  surface.  For  majority  of 
metals  the  error  caused  by  such  assumption  is  very 
small.  This  approach  is  called  the  energetic  method.  It 
is  correct  when  a  <  in  (23).  An  approximate  ex¬ 
pression  for  the  attenuation  factor  has  the  form 

a=^P,/{2P),  (25) 

where 

Pi  =^^\k^\ds  (26) 

^  dQ 

is  the  power  of  losses  in  metal  per  unit  length  of  a 
waveguide  and 

p  =  ^  J I  Hx  P  dxdy  (27) 


is  total  power  carried  over  a  waveguide.  Here,  and 

Hj^  are  the  vectors  of  tangential  to  the  boundary  and 
transversal  components  of  the  magnetic  field,  respec¬ 
tively.  Expanded  expressions  for  the  attenuation  factor 


Fig.  3.  Surface  plots  of  the  membrane  functions  for 
Hiq  (a)  and  En  (b)  modes 


can  be  rewritten  in  the  form 


a 


E 


Rs 


(28) 


for  E-  and  TEM- waves  and 


2Zn  k  r  1  |2 


‘2Zq  k 

(£  1  p  ds 

jlE. _ 

Jon  ' 

^^1  V«”‘  p  dxdy 

(29) 


for  H-waves.  Values  p  and  g  are  found  from  solu¬ 
tions  of  problems  (12),  (13)  or  (14),  (15).  It  should  be 
mentioned  that  the  attenuation  factor  sharply  increases 
at  frequencies  close  to  critical  ones.  Here,  the  condi¬ 
tion  of  applicability  of  the  energetic  method 
(a  P)  is  not  satisfied  and  expressions  (28)  and 
(29)  have  no  sense. 
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Fig.  4.  Radiation  patterns  in  H-  (solid  line)  and  E- 
(dashed  line)  planes  for  (a)  and 
(b)  modes 


Table  1.  The  polynomial  function  set  forL  =  3 


i 

3 

2 

w 

n 

y 

xy 

x^y 

0 

1 

X 

x^ 

0 

1 

2 

3 

3 

6.  Conclusion 

Results  of  numerical  experiments  performed  for  dif¬ 
ferent  types  of  waveguides  with  complex-shaped 
cross-sections  proved  the  efficiency  of  the  new 
method  in  comparison  with  other  numerical  and  nu¬ 
merical-analytical  techniques. 
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5.  Numerical  Example 

Consider  the  symmetrical  H-shaped  waveguide  with 
length  2/ ,  height  2h ,  whose  cross-connection  has 
length  2a  and  height  2p .  The  normalized  equation  of 
its  boundary  can  be  written  as 

w(a:,y)  =  [(/2  -  x^)/{2l)  A  {h?  -  y^)l2h\  A 
A[-(a^  -  x^)/2a  V  -  y^)/2p\. 

Fig.  2  demonstrates  the  contour  plot  of  the  function 
2  =  oAx,y).  First,  we  solve  problems  (12)-(13)  and 

(14)-(15)  by  the  R-function  method  to  evaluate  TE- 
and  TM-  waves  in  the  waveguide.  The  set  of  trigono¬ 
metric  polynomials  is  used  in  the  capacity  of  basic 
functions  {{pj} .  The  H-shaped  waveguide  has  pa¬ 
rameters  /  =  11..5  mm,  ft  =  5  mm,  a  =  4.6  mm, 
and  p  =  1.81  mm.  Calculated  critical  wavelengths 
areA(/rio)  =  71.353  mm  and  A(£ii)  =  11.319  mm. 
Fig.  3a,b  shows  surface  plots  of  the  membrane  func¬ 
tions  for  ftfjQ  and  modes,  respectively.  These 
results  are  in  good  agreement  with  those  obtained 
experimentally.  Fig.  4a,b  illustrates  radiation  patterns 
for  Hiq  and  Ej,  modes,  respectively,  calculated  by 
formulas  (18)-(  19). 


Appendix 

Application  of  multidimensional  polynomials  in  prac¬ 
tice  yields  some  computational  difficulties  connected 
with  necessity  of  their  ordering.  Consider  an  algebraic 
polynomial  basis  {Vft}  =  bi  >  0, 

*  +  i  ^  >  where  L  is  the  degree  of  a  polynomial 

space.  Such  a  set  for  I  <  3  is  shown  in  Table  1. 

It  is  naturally  to  introduce  the  ordering  of  the  se¬ 
quence  {x'y^}  terms  along  diagonals  of  the  table, 
along  which  i  +  j  =  const ,  i.e., 

l,x,y,x^,xy,y^,x^,x\on/,y^,... 

(Here,  the  ordering  with  priority  with  respect  to  x 
variable  is  used).  With  this  ordering  it  is  possible  to 
enlarge  the  degree  of  a  given  space  by  1  by  simply 
labeling  the  diagonal  of  terms  of  degree  i  -|- 1  with 
the  next  L  +  2  integers.  This  procedure  does  not  up¬ 
set  the  previous  ordering.  Thus,  the  number  of  any 
element  (the  ordering  function)  of  the  sequence 
is  expressed  via  indexes  i  and  j  in  the  fol¬ 
lowing  way: 

Khj)  =  (f  +  j){i  +  :?■  -f  l)/2  +  j,  (A1) 
and  K  =  {1}  +  3T)/2. 

Consider  the  inverse  problem  of  finding  indexes  i 
and  j  by  known  integer  ft .  The  commonly  used  ap¬ 
proach  is  in  organizing  the  loop  with  respect  to  i  and 
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Table.  2.  The  k  (i,  j)  mapping  for  L  =  2 


k 

0 

1 

2 

3 

4 

5 

(M) 

(0,0) 

(0,1) 

(1.0) 

(0,2) 

(1,1) 

(2,0) 

j  where  at  each  step  condition  (Al)  is  checked.  An¬ 
other  variant  is  to  store  a  matrix  determining  a  map¬ 
ping  from  a  linear  ordering  variable  k  into  the  set  of 
ordered  pairs  (i,  j)  as  given  by  (Al).  For  example,  the 
mapping  for  L  —  2  can  be  constructed  simply  by 
inspection  of  Table  1  (see  Table  2). 

For  large  values  of  L  such  approaches  are  not  conven¬ 
ient.  The  analytical  relations  between  k  and  pairs  (i,  j) , 
i.e.,  the  inverse  analog  of  formula  (Al),  can  be  established. 
The  proposed  method  consists  of  three  stages: 

i)  finding  the  diagonal  number:  /  =  «  +  j  ; 

ii)  finding  the  index  j :  j  =  /c  -  /(/  +  1)  /  2 ; 

iii)  finding  the  index  i:i  —  I  —  j . 

The  latter  two  stages  are  obvious.  It  can  be  shown  that 

(/■^  +  /  -  2)/2  =  [(/  -  if  +  3(/  -  l)]/2  <k< 

<  +30/2 


Taking  into  account  that  /  >  0 ,  after  solving  this 
system  of  inequalities,  we  get 

(V9  ^~sk  -  3)/2  <  /  <  (V9  +  Sk  -  l)/2 
or,  because  I  is  integer, 

Z  =  f(Vrr8^-3)/2],  (A2) 

where  \p]  means  ‘fthe  smallest  integer  greater 
than  p  Analogously,  using  the  evident  inequalities 

^l)/2<k<{l  +  l)il  +  2)/2, 
we  obtain  another  estimate  for  / : 

(Vl  +  8fc-3)/2  <  /  <  (Vr+8^-l)/2, 
i.e., 

/  =  [(VTTM-l)/2j,  (A3) 

where  we  use  [p\  to  mean  “the  greatest  integer  less 
thanp”.  One  can  establish  more  general  expressions 
for  / : 

I  =  f(Vp  +  8A:  -  3)/2]if  (1  <  p  <  9) 
and 

I  =  [(Vp  +  Sk-  l)/2j  if(l  <  p  <  9) . 
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Abstract 

A  numerical  method  for  solution  of  the  problem  of  a  planar  radiator  sj’nthesis  is 
proposed.  The  specific  property  of  the  problem  is  in  the  requirements  posed  on  the 
aperture  field  which  must  satisfy  boundary  conditions  so  that  equivalent  electrical 
and  magnetic  currents  in  the  aperture  do  not  generate  pointwise  or  linear  charges. 

Keywords;  planar  radiator,  radiation  conditions,  method  of  moments,  R-function 
method. 


1.  Statement  OF  THE  Problem 

As  is  known  [1],  the  main  equation  of  the  problem  of 
a  planar  radiator  synthesis  has  the  following  form; 

k 

^  =  —  (1) 

N  =  J  (2) 

s 


where  S  is  the  aperture  surface;  r  is  the  distance  be¬ 
tween  the  radiator  and  an  observation  point;  j,.,  ?/?,  0  are 
the  unit  vector  and  coordinate  angles  of  an  observation 
point;  n  is  the  unity  normal  to  the  aperture;  a  is  the 
coefficient  proportional  to  the  wave  impedance;  fj,  and 
e  are  the  magnetic  and  dielectric  constants;  k  =  27r/X 
is  the  wave  number,  A  is  the  wavelength;  F  is  the  com¬ 
ponent  of  the  electric  field,  tangential  to  the  aperture 
plane,  or  the  aperture  current  vector;  x  and  y  are  coor- 

dinates  of  a  point  on  the  aperture.  The  fector 

27r  r 

is  not  essential  that  is  why  we  omit  it.  Denote  the  expres- 
sion  in  square  brackets  (1),  which  is  the  RP  of  a  flat  aper¬ 
ture,  by  D.  Introducing  the  far-zone  coordinate  system 
with  orts  q, ,  q.^ ,  q., ,  connected  with  orts  of  the  spherical 
coordinate  system  with  formulas 

Qi  =  jfl  cos  %l)  —  sin  ij), 

q2  =  j^sinV'- j^.,cos^!>,  (4) 

q;i  =  j, , 

we  obtain  the  following  expression  for  the  RP: 


D  =  (1  -I-  cos0)(Af,,qi  +  N.q-i).  (5) 

Assume  for  simplicity  that  a  =  yj^i/e .  Thus,  the 

problem  of  a  planar  antenna  synthesis  with  arbitrary 
polarization  is  reduced  to  two  independent  simpler 
problems  of  synthesis  of  planar  systems  with  fields 
linearly  polarized  both  in  the  aperture  (with  respect  to 
jiJ;/)  and  in  the  far  zone  (with  respect  to  q],q2). 

Represent  a  RP  as  a  function  of  angles  a  and  0  be¬ 
tween  an  observation  point  direction  and  planes  xz 
and  yz ,  respectively: 

sin  a  =  sin  0  cos  V',  sin  =  sin  ^  sin  v''  .  (6) 

Then 


II 

J 

II 

s 

f  Fy(x,y)c' 

ft 

(7) 

Substituting  variables  by  the  formulas 

L  .  -  2t;x  2iry 

A 

A  L  ’  L 

’(8) 

R.,j  = 

we  obtain  the  equation 

R{i,rf)  = 

(27r)'^  / 

(9) 

^,7j€K/A,L/A]. 

Here,  if)  is  the  RP  of  a  planar  radiating  system 
(polarization  indexes  x  and  y  are  omitted),  L  is  the 
characteristic  scale  of  the  aperture,  and  Q.  is  the 
scaled  domain  5 .  To  solve  planar  aperture  RP  syn¬ 
thesis  problem  (9)  it  is  important  to  define  conditions 
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when  the  RP  can  be  reconstructed  exactly.  A  RP 
is  realizable  if  it  satisfies  the  conditions  of  the 

Plancherel-Polya  theorem  [2]  which  is  a  multidimen¬ 
sional  generalization  of  the  Wiener-Paley  theorem.  In 
this  case,  the  surface  current  distribution  is  connected 
with  the  RP  by  the  inverse  Fourier  transform 

F{u,v)  =  J  (10) 

where  if)  G  IF^r.Tr  >  belongs  to  the  class  of 
entire  functions  of  exponential  type  with  indicator  tt  . 
The  field  in  the  aperture  F{u,  v)  must  satisfy  the  ra¬ 
diation  conditions  [3],  i.e.  it  is  necessary  that  equiva¬ 
lent  electrical  and  magnetic  currents  in  the  radiator 
aperture  do  not  generate  pointwise  or  linear  charges 
because  of  their  connection  with  infinitely  large 
power.  Such  requirements  are  satisfied  by  an  every¬ 
where  continuous  function  F{u^  v)  vanishing  together 

with  its  derivative  on  the  aperture  boundary  ,  i.e. 

dF{u,v)/dixl^=0.  (11) 

Note  that  a  piecewise  constant  aperture  current  distri¬ 
butions  often  used  in  synthesis  problems  do  not  sat¬ 
isfy  conditions  (11).  In  the  case  of  rectangular 
apertures,  the  method  based  on  atomic  functions  was 
proposed  [3]  to  synthesize  patterns  by  current  distri¬ 
butions  satisfying  (1 1).  In  the  general  case  of  arbitrar¬ 
ily  shaped  apertures,  the  stated  problem  becomes  to  be 
more  complicated. 


2.  The  Method  for  Solution 

The  main  idea  is  based  on  the  following  result  of 
I.  Yu.  Kharrik  [4,  5].  Let  the  function  u  together  with 
its  partial  derivatives  up  to  order  (r  —  1)  vanish  on 
the  boundary  dO.  G  of  the  domain  Q  C  i?” .  If 
we  have  a  function  uj  G  C^{E'  )  such  that  a;  >  0  in 
n,  a;  <  0  outside  O,  a;  =  0  on  ,  grades  0 
on  dQ ,  and  its  partial  derivatives  of  order  k  satisfy 
the  Lipschitz  condition  ( Lipj^/  1 )  then  a  polynomial 
Pn  of  degree  no  greater  than  N  with  respect  to  each 
variable  can  be  found  such  that 


where  ,  e  >  0 ,  is  the  modulus  of  continu¬ 

ity  of  u  in  the  space  C^'{Q) .  In  particular,  the  system 
of  functions  ,  m,n  =  05  1,2,...  is  complete  in 

the  space  of  differentiable  functions  satisfying  condi¬ 
tions  (1 1).  Undetermined  coefficients  of  the  polynomial 
Pjv  can  be  found  with  the  help  of  one  of  variational 
methods,  for  example,  by  the  method  of  moments 
(MoM)  or  the  Galerkin  method  [4,  5].  It  can  easily  be 
checked  that  if  we  approximate  the  exact  current  distri¬ 
bution  F  by  an  expression  ,  so  that 

||F-a;2P;^||<e,  (13) 


then,  according  to  (9),  we  obtain 

||i?  -  R\\  <  Sa  |F  -  II  <  ,  (14) 


where  R  is  the  approximate  pattern  and  Sq  is  the 
square  of  f2 . 

The  function  u  satisfying  the  aforementioned  con¬ 
ditions  can  be  constructed  by  the  R-function  method 
(RFM)  [6]  in  the  following  way.  Consider  the  domain 
n  C  with  piecewise  smooth  boundary  dO- .  The 
problem  is  in  finding  the  function  u;{x,y)  positive 
inside  Q ,  negative  outside  Cl ,  and  vanishing  on  dO. 
so  that  uj(x,  y)  —  0  implicitly  determines  the  bound¬ 
ary  equation.  Let  be  composed  of  original  domains 
with  the  help  of  theoretical-set  operations 
of  intersection,  join,  and  negation.  Suppose  the  origi¬ 
nal  domains  have  simpler  geometry  than  Q,  and  equa¬ 
tions  of  their  boundaries  (jJi{x,y)  —  0  (i  =  l,...,m) 
are  known.  The  RFM  allows  one  to  obtain  an  analyti¬ 
cal  expression  uj{x,  y)  ~  0  for  the  domain  Q  bound¬ 
ary  on  the  base  of  its  theoretical-set  description  and 
specific  algebraic  operations  called  the  R-flinctions. 
The  most  popular  in  practice  system  of  R-functions  is 


xAy  =  x-^y  -  yjx^  +  y^ , 


xy  y  =  X  y  +  H-  y^ ,  -^x  =  -x. 


Having  the  function  oj  constructed,  we  can  find 
the  approximate  current  distribution  F  in  the  form 

N 

F{u,v)  ^  w'^{u,v)  ,  (16) 

m+n=0 


where  k{m,n)  =  (m  +  n){m  +  n  +  l)/2  -f  n  is  the 
ordering  function.  Substituting  (16)  in  (9),  we  get 


1 

(27r)‘^ 


X 


ni+n=0  Q 


(17) 


Coefficients  are  found  by  any  variant  of  the 
MoM  (collocation,  the  least  squares,  Galerkin,  etc.) 
method. 


3,  Conclusion 

For  the  first  time,  a  new  method  for  an  arbitrarily- 
shaped  planar  radiator  RP  synthesis  based  on  the  R- 
flinction  theory  is  proposed  and  justified.  The  specific 
property  of  the  considered  problem  of  synthesis  is  in 
the  presence  of  radiation  conditions  posed  upon  the 
aperture  current  distribution.  The  method  proposed  for 
a  planar  radiator  RP  synthesis  allows  obtaining  RPs 
approximating  the  required  RP  more  exactly  in  com¬ 
parison  with  other  known  analogous  methods.  Nu¬ 
merical  experiments  prove  efficiency  of  the  novel 
approach  in  antenna  synthesis. 
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Abstract 

The  synthesis  problem  of  resonant  antennas  according  to  the  prescribed  amplitude 
radiation  pattern  is  considered.  Variational  statement  of  the  synthesis  problem  is 
used.  The  functional,  that  allows  one  to  minimize  a  mean-square  deviation  of  the  pre¬ 
scribed  and  received  amplitude  radiation  patterns  as  well  as  taking  into  account  the 
restrictions  on  a  field  in  the  given  areas  of  a  near  zone  is  used  as  criterion  of  optimi¬ 
zation.  The  appropriate  nonlinear  equations  having  the  nonunique  solution  are  ob¬ 
tained.  The  developed  approach  of  solving  these  equations  gives  the  possibility  to 
determine  the  antenna  parameters,  which  are  more  acceptable  for  practical  use.  Re¬ 
sults  of  numerical  modeling  are  presented. 

Keywords:  Resonant  Antenna,  Amplitude  Radiation  Pattern,  Variational  Approach, 
Constructive  Synthesis 


1.  Introduction 

Resonant  antennas  are  new  type  of  radiating  systems, 
which  allow  one  to  form  the  radiation  characteristics 
satisfying  the  widest  spectrum  of  practical  require¬ 
ments.  Such  antennas  are  formed  by  several  surfaces, 
one  of  which  is  semitransparent.  Thus  the  additional 
opportunities  arise  in  comparison  with  use  of  usual 
metal  or  metal-dielectric  surfaces.  Using  the  semi¬ 
transparent  surface  properties  we  obtain  one  more 
parameter  to  change  the  structure  of  the  electromag¬ 
netic  field,  including  the  radiation  pattern  (RP).  An¬ 
tennas  with  one  semitransparent  and  other  metal 
boundary  are  considered  here. 

Resonant  antenna,  as  well  as  any  other  radiating 
system,  should  form  the  required  radiation  character¬ 
istic.  We  consider  the  RP  as  such  a  characteristic.  The 
synthesis  problem  consists  in  determination  of  such 
parameters  of  antenna  (the  geometry  of  internal 
boundary  and  transparency  of  the  external  boundary), 
which  form  the  amplitude  RP  close  to  the  prescribed 
one.  Use  of  the  variational  approach  allows  one  to 
adjust  both  a  degree  of  proximity  of  the  amplitude 
RPs  and  to  set  restrictions  on  the  field  in  the  given 
areas  of  a  near  zone,  i.e.  to  solve  a  problem  of  elec¬ 
tromagnetic  compatibility. 

2.  Statement  OF  Problem 

The  mathematical  basis  of  solution  of  the  excitation 
and  synthesis  problems  for  resonant  antennas  is  the 
generalized  method  of  eigenoscillations  [1].  The  solu¬ 
tion  of  a  direct  problem  is  carried  out  using  one  of  its 
variants,  namely  method  of  eigen  transparency  (p- 
method).  The  two-dimensional  model  of  resonant 


antennas  (the  case  of  E -polarization)  is  considered. 
Since  statement  of  the  synthesis  problems  according 
to  the  prescribed  amplitude  RP  is  used  we  should  re¬ 
ceive  the  explicit  expression  for  RP  as  a  result  of  solu¬ 
tion  of  the  direct  problem  at  the  given  geometrical 
parameters  of  antenna. 


2. 1 .  Direct  Problem 

The  main  (constructive)  parameter  of  resonant  anten¬ 
nas  is  the  inphase  field  on  external  surface.  This  field 
can  be  considered  as  real  because  the  constant  phase 
shift  of  field  does  not  change  the  amplitude  RP.  The 
direct  problem  is  to  determine  the  RP  f{ip)  by  the 
known  field  v{S)  on  the  external  boundary  S  of  the 
given  form.  Generally,  the  RP  created  by  this  field  can 
be  written  as  follows 


/-A^;,  (1) 


where  A  is  the  integral  (or  matrix)  operator  with  ker¬ 
nel  that  represents  the  asymptotic  of  function 
dG/dN ,  G  is  the  Green  function  of  external  do¬ 
main  with  condition  =  0  . 

In  the  case  of  circular  external  boundary,  the  opera¬ 
tor  A  can  be  written  in  explicit  form  [2] 

'Itt 

Aw  =  J  K((p,ip')v((p)d(p  ,  (2) 

0 


where 


i"  cosn(y>  —  if) 


(3) 


5o„  is  Kronecker  symbol,  Hj^^\ka)  is  the  Hankel 
function  of  the  second  kind,  a  is  the  circle  radius. 
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In  the  case  of  resonant  antenna  with  arbitrary  ex¬ 
ternal  boundaiy,  the  method  of  auxiliary  sources 
[3, 4,  5]  is  used  for  determination  of  the  RP  /  by  the 
field  V .  In  this  method  the  field  «(r,  ip)  outside  of 
antenna  is  represented  approximately  as  the  finite  sum 

N 

(4) 

«=1 

where  R,,  =  is  the 

distance  from  a  point  of  observation  up  to  n  -th  auxil¬ 
iary  source,  r,(p  and  are  the  polar  coordinates 
of  a  point  of  observation  and  n  -th  source  accordingly. 

If  the  field  on  the  contour  S  is  given  by  the  values 
■Vj  in  some  system  of  N  points,  then  we  receive  the 
system  of  linear  equations 

N 

=  1,2,..., AT  (5) 

H=1 

for  determination  of  unknown  factors  a„  .  Here  R„j 
is  the  distance  between  n-th  source  and  j  -th  point 
on  a  contours .  The  system  (5)  can  be  written  down 
in  matrix  form 

Ha  =  V ,  (6) 

where  a  and  v  are  vectors  with  elements  c„  andv^, 

H  is  matrix  with  elements  . 

Directing  to  a  limit  (at  r  oo )  in  the  formula  (4), 
we  receive  expression  for  the  RP 

fo  ^ 

/(V’)  =  =  H^a.  (7) 

''  ^  >1=1 

Solving  (6)  relatively  a ,  we  receive 

a  =  H“*v.  (8) 

Using  (7)  and  (8),  the  explicit  expression  for  the  RP 
/  by  the  factors  a„  can  be  written  in  the  form  (I), 
where  the  operator  A  represents  a  product  of  two 
matrixes 

A=.H^H-’.  (9) 

Thus  the  explicit  expression  for  the  operator  A  is 
received.  It  allows  one  to  calculate  the  RP  /  by  the 
field  V  on  the  external  boundary  S . 


allows  one  to  take  into  account  these  requirements. 
Here  Ui{S)  are  prescribed  values  of  the  amplitude  of 
the  field  in  the  areas  of  restriction,  u,{S)  are  the  re¬ 
ceived  values  of  the  field.  Functions  p{(p) ,  p,(5)  are 

the  weight  functions,  allowing  to  adjust  a  degree  of 
proximity  of  the  given  and  received  values  of  field,  q 
is  the  parameter  limiting  norm  of  the  field  v .  This 
limitation  allows  one  to  exclude  the  occurrence  of  the 
fast  oscillated  summands  which  influence  little  few  on 
the  RP. 

3.  Method  OF  Solution 

At  the  first  stage  of  solution  of  the  synthesis  problem, 
the  field  v  on  external  boundary  S  is  determined 
from  a  condition  of  the  functional  (10)  minimum. 
Minimization  of  functional  can  be  carried  out  using 
the  gradient  methods,  or  by  the  solution  of  the  appro¬ 
priate  Euler  equation. 

In  the  first  case,  the  generalized  gradient  method 

[6] 

v„+i  =  si\  +  +  sj,\,  (I  I) 

is  used.  Thus  the  gradient  z  of  the  functional  (10)  (in 
view  of  the  requirement  of  reality  of  field)  has  form 

z  =  av  —  ReA*[Fexp(jarg/)  —  /]  — 

(12) 

i=l 

where  A*  and  B*  are  the  operators  adjoined  to  A 
and  Bj  accordingly  [2].  Each  step  of  iterative  process 
01)  reduces  the  functional  a  value.  Since  a  is  lim¬ 
ited  from  below  (<7  >  0),  the  process  (1 1)  is  conver¬ 
gent  one. 

In  the  second  case,  using  a  necessary  condition  of 
the  functional  extremum  (equality  to  zero  of  its  first 
variation  or  derivative  Gateaux),  we  receive  the  Euler 
equation  concerning  the  field  v 

av  —  Re  A*[/'exp(?arg/)  —  /]  + 

A  .  (13) 

+Z^  Re  B;  Pi  exp(i  arg  u, )  -  «,  ] 

»=i 


2.2.  Inverse  Problem 

Solving  the  inverse  problem  (synthesis  problem),  the 
field  on  external  boundary  of  the  antenna  and  trans¬ 
parency  of  this  boundary,  that  form  amplitude  RP 
I  /(y?)  I  close  to  the  prescribed  amplitude  RP  F{(fi) 
are  determined.  Additionally,  the  restrictions  on  a 
field  in  some  areas  of  a  near  zone  may  be  prescribed. 
The  following  functional 

277 

^  =  f  P(‘p)lf'(<p)-  I  f((p) \fdifi  -F 

nr  ”  2.  CO) 

+Z)p.(5)[f^>(5)-  I  uXS)fdS  +  a  f  v'^((p)d<p 
1=1 


Equation  (13)  is  the  nonlinear  integrated  equation 
of  the  Hammerstein  type.  This  equation  can  have  the 
nonunique  solution;  the  number  of  these  solutions 
depends  on  the  characteristic  parameter  k ,  which  is 
contained  in  its  kernel.  In  order  to  search  the  number 
of  solutions  and  their  branching  it  is  more  convenient 
to  use  the  equation  relatively  the  RP  f(<p) 

M 

af  +  ReAAV  +  ^ReBR'u,  = 

<=i 

=  ReAA*[Fexp(farg/)]  +  (14) 

M 

-F  Z]  Re  BB* pi  exp(z arg li, )] 
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In  equation  (14)  nonlinear  part  is  transferred  to  the 
right  hand  part.  From  such  a  form  of  writing,  it  is  ap¬ 
parently  that  the  method  of  successive  approximations 
is  convenient  one  for  its  solution.  Setting  the  various 
types  of  initial  approximations,  we  can  receive  differ¬ 
ent  solutions  of  this  equation. 

At  the  second  stage  of  solution  of  the  synthesis 
problem  (after  determination  of  real  field  v  on  the 
boundary  S ),  the  transparency  p  of  this  boundary 

and  the  form  of  internal  metal  boundary  So  are  de¬ 
termined. 

For  the  antenna  with  circular  external  boundary, 
the  transparency  distribution  can  be  presented  in  the 
explicit  form 


p{^)  =  7rto(<^)/{2y] 


cos  nip 


:^oJUka)  +  Nl{ka) 


),  (15) 


where  J„  and  are  the  Bessel  and  Neuman  functions. 

In  the  case  of  antenna  with  arbitrary  external 
boundary,  similarly  to  [2],  the  distribution  of  trans¬ 
parency  is  determined  by  the  formula 


(Kv)  =  i/[ 


dmv>)) 

dN 


(16) 


where  is  the  growth  rate  of  phase  of  the 

oN 

external  field  u  while  approaching  to  S  normally, 
N  is  the  external  normal  to  S  . 


4.  Numerical  Results 

The  numerical  calculations  are  carried  out  for  the 
resonant  antennas  with  the  given  external  elliptic 
boundary.  The  prescribed  amplitude  radiation  pattern 
is  the  following  F{(p)  =  sin^((^/2).  In  Fig.  1,  these 
results  are  presented  for  the  antenna  with  parameters 
kb  =  15  and  different  ka  :  ka  =  12.75,  ka  ~  14.25, 
where  b  and  a  are  the  big  and  small  semiaxes  of 
ellipse.  For  such  antennas  the  level  of  side  lobes  is 
smaller  than  -20  dB,  and  distribution  of  transparency 
is  smoother  in  the  direction  of  main  radiation  (solid 
lines  in  Figs,  la,  lb  correspond  to  ka  —  12.75 ,  and 
the  dashed  ones  to  ka  =  14.25  ).  The  external  elliptic 
boundaries  (dashed  lines),  the  found  form  of  internal 
metallic  boundaries  (solid  lines),  and  internal  contour 
of  placement  of  the  auxiliary  sources  (dash-and-dot 
lines)  are  shown  in  Figs.  Ic,  Id. 

The  numerical  results  for  solution  of  the  synthesis 
problem  with  restrictions  on  the  field  in  a  near  zone 
are  given  for  the  antenna  with  circular  external 
boundary.  The  prescribed  amplitude  RP  is  the  follow¬ 
ing  F{(p)  =  sin^(v?/2),  ka  =  15  .  Minimization  of  a 
field  was  carried  out  in  two  points  </?  =  tt  /  2,  Stt  /  2 
on  the  additional  circle  with  radius  kb  =  20.  These 
points  were  allocated  in  the  second  summand  of  the 
functional  (10)  using  the  weight  function 
Pi{(p)  —  S{7r / 2, Stt / 2) ,  p{(p)  =  1 ,  O'  —  0.01 .  In 
Fig.  2a,  the  prescribed  F  (fat  solid  line)  and  synthe- 
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a) 


c) 

Fig.  2. 


sized  I  /  I  (thin  solid  line)  amplitude  RP  are  shown. 
The  amplitude  |  |  of  obtained  field  on  the  circle  of 

restrictions  is  shown  by  dashed  line. 

It  can  be  seen  that  the  value  of  field  in  points  of  re¬ 
strictions  is  reduced  up  to  the  level  -37  dB.  The  syn¬ 


thesized  field  V  (solid  line)  and  transparency  p 
(dashed  line)  are  presented  in  Fig.  2b. 

The  geometry  of  the  antenna  is  shown  in  Fig.  2c. 
The  external  circular  semitransparent  boundary  is 
designated  by  dashed  line;  the  internal  synthesized 
metallic  boundary  is  designated  by  solid  line. 

5.  Conclusion 

The  proposed  approach  for  solving  the  synthesis  prob¬ 
lems  of  resonant  antennas  is  highly  universal,  and  it 
provides  the  possibility  to  synthesize  antennas  with 
the  arbitrary  form  of  external  boundary.  The  calcula¬ 
tion  time  of  the  RP  of  antenna  is  enough  small  that  it 
is  very  important  in  the  process  of  solution  of  the  syn¬ 
thesis  problem.  For  example,  in  the  case  of  antenna 
with  noncircular  external  boundary,  for  the  effective 
solution  of  the  synthesis  problems  it  is  enough  to  be 
limited  by  the  number  of  auxiliary'  sources  approxi¬ 
mately  equal  to  the  electrophysical  size  of  antenna 
(parameter  kh ). 

The  used  variational  statement  of  the  synthesis 
problem  allows  one  alongside  with  achievement  of  the 
best  approximation  to  the  prescribed  amplitude  RP  to 
take  into  account  restrictions  on  the  field  in  the  given 
points  (areas)  of  a  near  zone. 
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Abstract 

The  comparison  of  computing  efficiency  of  primary  atomic  functions  Up(x)  and 
piecewise  sinusoidal  functions  for  the  inner  problem  solution  of  wire  problem,  used 
as  the  basis  function,  was  executed.  The  ways  to  increase  the  computing  efficiency 
were  considered. 

Keywords:  antenna  modelling,  Method  of  Moment,  basis  function. 


1.  Introduction 

The  solution  of  integral  or  integro-differential  equa¬ 
tions  is  at  the  heart  of  the  wire  antenna  analysis  with 
the  use  of  thin  wire  (axled)  approximation.  One  of  the 
equation  of  this  type  is  the  Poklington’s  equation.  It  is 
more  universal  with  respect  to  the  use  of  different 
basis  function  in  case  of  their  solution  by  the  Moment 
Method  (MoM).  The  selection  of  the  kind  of  the  basic 
function  is  important  for  MoM,  as  the  speed  and  accu¬ 
racy  of  calculation  depend  on  this  selection.  The 
atomic  function  and  piecewise  sinusoidal  functions 
have  high  approximating  property  and  can  be  used  as 
the  basic  function  in  MoM  [2,  3].  This  paper  is  de¬ 
voted  to  comparison  of  the  computing  efficiency  of 
MoM  when  using  both  primary  atomic  and  piecewise 
sinusoidal  functions  as  the  basic  functions. 

2.  Using  Richmond’s  Equation 

The  symmetrical  half-wave  vibrator  was  used  as  a  test 
antenna  in  the  numerical  experiment,  since  the  inner 
problem  for  this  antenna  obtained  by  other  methods  is 
well  known. 

It  is  known,  that  the  Poklington’s  equation  for  rec¬ 
tilinear  wire  can  be  transformed  to  the  Richmond’s 
equation  [2]: 


x[(l  +  ikr){2r^  —  Zo?  )  -f  dl^ 


Replacing  in  (1)  current  /(Z^)  by  the  sum  of  the  kind: 

(2) 

where:  I.aQ’q)  is  the  basic  function:  piecewise  sinu¬ 
soidal  functions  [2,  p.21]  or  the  basic  function  ob¬ 
tained  on  the  basis  of  atomic  function  upix:>: 


Uk)  = 


and  combining  additives  with  equal  coefficients 
» the  expressions  for  coefficients  of  generalised 

impedance  matrix  (CGIM)  are  result.  Introducing  the 
weight  (test)  functions,  as  MoM  contemplate,  the 
equation  (1)  is  reduced  to  the  system  of  linear  alge¬ 
braic  equations  (SLAB).  In  the  numerical  experiments 
of  the  presented  work  the  Diraq  function  was  used  as 
the  weight  function.  The  results  of  current  distribution 
along  half-wave  vibrator  having  radius  a  /  A  =  0.005 
and  26  segments  at  the  antenna  (52  segments  at  the 
wavelength)  with  use  of  the  piecewise  sinusoidal  ba¬ 
sic  fiinctions  (so-called  Sin-D  method,  dotted  line) 
and  atomic  basic  functions  (3)  (so-called  Up-D 
method,  solid  line)  are  illustrated  in  Fig.  1.  The  an¬ 
tenna  feed-impedance  with  the  current  distribution 
equals  Z  —  103.24  +  30.993Z  Ohm  (Sin-D  method) 
and  Z  =  94.32  +  19.58i  Ohm  (Up-D  method). 


hi-iUp 


0 


dL 

dL\ 
otherwise. 


+ 


(3) 


Fig.  1.  The  current  distribution  along  half-wave  vi¬ 
brator 
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Fig.  2.  The  convergence  of  the  real  part  of  the  an¬ 
tenna  feed  impedance,  a/X  =  0.005 
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Fig.  3.  The  convergence  of  the  imaginary  part  of  the 
antenna  feed  impedance,  a/X  =  0.005 

Dependence  of  the  real  and  imaginaiy  parts  of  the 
antenna  feed-impedance  from  segment  number  at  the 
antenna,  based  on  which  the  computing  efficiency  can 
be  evaluated,  is  illustrated  in  Fig.  2  and  3. 

As  the  results  of  numeric  experiments  prove  and  as 
Fig.  2  and  3  indicate,  the  atomic  functions  provide 
convergence  of  the  real  part  of  the  antenna  feed  im¬ 
pedance  at  a  smaller  segment  number  than  the  piece- 
wise  sinusoidal  functions.  For  the  Sin-D  method  the 
convergence  of  the  real  part  of  the  antenna  feed  im¬ 
pedance  appears  at  a  big  number  of  segments  (about 
350).  However,  convergence  for  the  imaginary  part  of 
the  antenna  feed-impedance  in  case  of  the  Sin-D 
method  appears  early  than  in  case  of  Up-D  method. 

It  is  necessaiy  to  draw  attention  to  the  fact  that 
when  solving  the  Richmond’s  equation  the  antenna 
impedance  convergence  with  different  ratio,  of  a/X 

is  observed  in  different  segment  number  range.  The 
calculation  results  are  reviewed  in  Table  1. 

The  errors  in  determination  of  the  SLAE  elements 
are  the  cause  for  such  a  great  limits  scattering  of  the 
convergence  limits. 


Table  1. 


Range  of  impedance  convergence,  segments  | 

a/X 

Rea!  impedance  part 

— 

Imaginary  impedance 
part 

Sin-D 

Up-D 

Sin-D 

Up-D 

0.01 

120-130 

80-100 

30-50 

165-180 

0.005 

*350 

180-200 

90-140 

130-140 

0.001 

230-350 

>400 

150-350 

>400 

3  Using  Poklington’s  Equation 

Different  results  are  observed  if  the  Pokilington’s 
equation  transformed  to  kind,  in  what  the  derivatives 
of  the  Green’s  function  are  absent  under  the  radical 
because  the  great  rounding  error  at  the  phase  of  their 
calculation.  The  transformation  is  achieved  by  inte¬ 
gration  part-by-part  method  of  all  the  additives  includ¬ 
ing  derivatives  of  the  Green’s  function. 

Replacing  the  sought  desired  function  by  the  sum 
of  the  basic  functions  with  some  coefficients  and 
combining  additions  with  same  coefficients,  the  ex¬ 
pressions  for  CGIM  as  the  sum  of  similar-type  inte¬ 
gral  are  obtained; 


dl,  + 


m'ggft.uf  m,)„,  . 


(4) 


where  /((J  is  either  the  right  or  the  left  parts  (the 

first  or  the  second  additional)  of  the  basic  function; 
for  the  fist  additional  a  =  l,„  b  =  ;  for  the  sec¬ 

ond  additional  a  =  /,„_j  b  =  l,„  . 

Taking  into  account  the  values  of  the  ftinctions  and 
their  derivatives  at  the  segment  ends  . 

the  expressions  for  CGIM  using  the  piecewise  sinu¬ 
soidal  basic  functions  (Sin-D  method)  and  atomic 
basic  functions  (Up-D  method)  are  obtained: 


Fig.  4.  To  the  explanatory  of  the  fonnula  (4) 
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T  2(j(4,2j4i)cos(feAL)  j 

KM=  f 


4.-1 


AL 


+ 


+  up' 


,(2) 


( 4  4i-l 


AL 


dl  +  (6) 


4>j+ 


up 


AL 


-b 


+  up' 


|(2) 


( ^ni 


AL 


dl 


Comparing  these  expressions,  it  is  possible  to  assert 
that  the  Sin-D  method  is  more  effective  because  of 
absence  of  the  integration  operations  for  calculation 
CGMI  of  congruent  segments.  The  computing  effi¬ 
ciency  of  the  piecewise  sinusoidal  functions  in  this 
option  of  their  application  is  illustrated  in  Fig.  5.  In 
this  figure  the  dependence  of  the  real  part  of  the  an¬ 
tenna  feed-impedance  on  the  number  of  the  segments 
at  the  antenna  is  given  for  a  /  A  =  0, 001 . 

As  it  is  apparent  from  figure,  the  convergence  of 
the  real  part  of  impedance  is  already  observed  at  35 
segments  at  the  antenna  (the  real  part  of  impedance  is 
equal  to  J?  =  73.1  Ohm).  Other  calculations  prove 
that  the  converging  of  the  imaginary  part  of  imped¬ 
ance  is  observed  at  70  segments  at  the  antenna  (the 
imaginary  part  of  impedance  is  equal  to 
AC  =  40.6  Ohm);  for  steady  convergence  in  field 
(coincidence  of  beam  patterns)  it  is  necessary  10  seg¬ 
ments  at  antenna.  The  beam  pattern  f{9)  of  the  half 
wave  vibrator  calculated  by  the  current  distribution, 
obtained  at  solution  the  integral  Poklington’s  equation 
by  the  use  of  the  piecewise  sinusoidal  functions  as  the 
basis  functions  and  the  S  -functions  as  the  weight 
(test)  functions,  is  presented  in  Fig.  6.  The  beam  pat¬ 
tern  calculated  by  the  analytic  formula  (7)  that  ob¬ 
tained  by  the  sinusoidal  current  distribution  is  also 
illustrated  in  Fig.  6. 


f(0)  = 


sin(^) 


(7) 


Absence  of  the  integration  operation  in  the  expression 
for  CGIM  (4)  for  congruent  segments  considerably 
increases  the  computational  efficiency  of  MoM. 
Moreover,  the  use  of  the  functions  as  the  basis  func¬ 
tions  for  the  congruent  wire  systems,  as  consequence 
of  the  absence  of  the  integration  operation,  makes 
possible  to  exactly  solve  the  inner  problem  for  the 
ratio  of  the  wire  diameter  to  the  wavelength  equalling 
0.01-0.00001,  by  120-150  segments  at  the  wave¬ 
length.  The  real  (R)  and  imaginary  ( AT )  pats  of  the 
antenna  feed  impedance  practically  are  not  changed 
up  to  800-900  segments  at  wavelength. 


Segment  number  at  the  wavelength 


Fig.  5.  The  convergence  of  the  real  part  of  the  an¬ 
tenna  feed  impedance 


a)  at  3  segments  at  the  antenna 


Z>)  at  1 0  segments  at  the  antenna 
Fig.  6.  The  beam  patterns  of  half  wave  vibrator 

4  Conclusion 

Use  of  the  piecewise  sinusoidal  functions  in  MoM  to 
solve  inner  problems  makes  it  possible  to  avoid  inte¬ 
gration  operations,  their  increasing  the  computational 
efficiency  of  MoM  if  the  antenna  or  they  item  consti¬ 
tute  the  system  of  the  congruent  wires. 
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Abstract 

The  aperture  orthogonal  polynomials  (AOPs)  method,  a  new  technique  for  phase 
control  of  antenna  systems,  is  reviewed;  and  several  problems  solved  with  this 
method  are  considered.  It  is  demonstrated  that  phase  control  algorithms  that  ensure 
the  beam  orientation  of  linear  and  planar  phased  arrays  (PAs)  with  various  geometri¬ 
cal  parameters  in  the  prescribed  directions  and  simultaneous  beam  nulling  in  the  di¬ 
rections  of  jamming  signals  are  more  accurate  in  comparison  with  traditional  phase 
control  algorithms.  The  criterion  is  obtained  that  provides  for  suppression  of  broad¬ 
band  jamming  signals  by  forming  the  sector-shaped  nulls  of  linear  and  planar  PAs 
beams.  Algorithms  for  determining  the  laws  of  optima!  elements  arrangement  in  non- 
uniformly  spaced  PAs,  thus  securing  against  parasitic  side  lobes  of  high  intensity  in 
wide-angle  scan  and  for  an  extended  (up  to  2-3  octaves)  frequency  band,  are  consid¬ 
ered. 

Keywords:  aperture  orthogonal  polynomials;  antenna  array;  phase  distribution; 

weighting  function;  phase  shifter;  nonuniform  phased  array;  interference. 


1.  Introduction 

In  the  last  10-15  years,  the  aperture  orthogonal  poly¬ 
nomials  (AOPs)  method  has  turned  into  a  powerful 
tool  for  developing  the  phase  control  algorithms  of 
linear  and  planar  antenna  arrays  with  various  geomet¬ 
rical  parameters. 

Its  fundamental  distinction  from  traditional  phase 
control  algorithms  based  on  the  criterion  of  a  uniform 
approximation  of  phase  distribution  functions  in  an¬ 
tenna  apertures  to  ideal  ones,  is  that  optimal  phase 
distribution  functions  are  sought  from  a  mean-square 
criterion,  taking  into  account  the  actual  amplitude 
distribution  and  geometric  shape  of  a  planar  aperture, 
which  may  be  of  multilinked  form  [1]. 

The  AOPs  method  has  appeared  as  a  generalization 
of  the  least  squares  method,  which  was  used  to  esti¬ 
mate  the  slop  of  mean-square  linear  phase  front  of  an 
antenna  aperture  field  in  the  presence  of  a  nonlinear 
initial  phase  distribution  caused  by  some  inhomoge¬ 
neous  phase  distortions  in  the  aperture  field. 

With  the  AOPs  method,  several  theorems  of  antenna 
theory  have  been  proved.  First,  it  has  been  demonstrated 
that  the  amplitude-distribution  fluctuations  of  an  antenna 
aperture  field  impact  on  the  angular  position  of  a  main 
lobe  only  v4ien  an  initial  phase  distribution  is  nonlinear. 
When  changing  the  amplitude  and  phase  distributions,  the 
expressions  for  a  quantitative  estimate  of  main  lobe  dis¬ 
placement  have  been  found.  For  a  planar  aperture  of  ait  i- 
traiy'  shape,  they  are  written  in  the  following  form: 


,  ’  0) 

cos7,^  = 

where  0057.^  and  0057^.  are  the  directional  cosines 

of  the  normal  to  the  plane  of  the  linear  mean-square 
phase  front; 

Pio  (^>2/)  =  ^11^^  + 

(2) 

A)i  (^)2/)  ~  ^ii2/  “f  +  ^10 

are  the  first-order  orthogonal  polynomials,  whose 

coefficients  are  determined  by  the  weighting  function 
that  is  identical  with  the  amplitude  distribution 

p{x,y)  and  by  the  planar  aperture  geometry  Q ;  and 

r  (3) 

where  cm  and  cqi  are  the  Fourier  coefficients  of  the 
phase  distribution  when  it  is  projected  onto 

the  subspace  of  linear  orthogonal  polynomials. 

It  should  be  emphasized  that  a  conventional  estimation 
of  the  impact  of  aperture  field  phase  distortions  on  the 
antenna  pattern,  which  is  performed  through  the  power- 
series  expansion  of  the  phase  distribution,  is  incorrect.  The 
feet  is  that  the  power-series  expansion  terms  are  nonor- 
thogonal  within  the  aperture.  For  example,  all  the  odd- 
degree  terms  of  the  phase  distribution  involve  distortions 
of  lower  degrees,  which,  in  particular,  cause  an  angular 
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rotation  of  the  main  lobe;  even-degree  terms  also  involve 
distortions  of  all  lower  degrees. 

The  representation  of  phase  distribution  in  terms  of  the 
segment  of  Fourier  series  with  respect  to  orthogonal  func¬ 
tions  is  not  a  subject  to  this  drawback.  It  describes  refined 
distortions  of  a  pattern  that  are  only  intrinsic  to  appropriate 
harmonics  of  the  aperture  field  distribution. 

The  following  relationship  obtained  with  the  help  of 
AOPs  method  makes  it  possible  to  estimate  the  relative 
degradation  of  the  gain  of  a  linear  or  planar  antenna  aper¬ 
ture  in  the  presence  of  inhomogeneous  phase  distortions. 
In  the  case  of  a  linear  array,  the  formula  for  estimating  this 
gain  degradation  is  found  by  calculating  the  level  of  power 
radiated  in  the  main  direction  using  the  part  of  the  Taylor- 
series  expansion  of  the  exponential  factor  that  character¬ 
izes  the  phase  distribution  of  field. 


—  =  (kt)^  C'i  -h  0 


(4) 


where  ki  is  the  electrical  size  of  the  semiaperture  of 

antenna;  a  =  ij  j  ^p(^xydx  is  the  coefficient  taking 

into  account  the  character  of  the  amplitude  distribution 
(for  a  uniform  distribution,  a  —  \jl );  and  (7„  are  the 

Fourier  coefficients  of  the  expansion  of  phase  distribu¬ 
tion  function  in  terms  of  orthogonal  polynomials. 

An  explicit  expression  for  the  remainder  term,  which 
allows  for  the  third  and  fourth  degrees  of  the  expansion 
of  an  exponential  factor,  is  written  as  follows 


0 


11, in 


(kef  a 
4! 


N  N 

^E  E  + 


n~2 m=2 


(5) 


n  111  r  q 


Here  is  the  Fourier  coefficient  of  the  zeroth-degree 

term  obtained  from  the  expansion  of  the  multiplication  of 
four  orthogonal  polynomials  into  series  in  terms  of  the 
same  polynomials.  Comparative  calculations  show  that 
formula  (4)  enables  the  degradation  of  gain  to  a  level  of 
70%  from  the  nominal  value  to  be  determined  with  an 
accuracy  of  2-3%.  Formula  (5),  which  allows  for  the 
remainder  term,  provides  the  same  accuracy  in  determin¬ 
ing  the  relative  degradation  of  gain  to  50%.  These  esti¬ 
mates  can  be  used  in  the  process  of  testing  before 
communication  sessions,  thus  providing  the  operative 
control  of  PAs  on  the  basis  of  the  known  actual  ampli¬ 
tude-phase  distribution  (APD)  of  the  aperture  field. 

The  AOPs  method  was  fbrther  employed  for  evalu¬ 
ating  the  phase  center  of  linear  and  planar  arrays  with 
an  arbitrary  APD.  It  has  been  found  that  the  slop  of  a 
far-field  phase  characteristic  reaches  its  zeroth  level 
only  when  the  origin  of  coordinates  coincides  with  the 
center  of  gravity  of  the  field  amplitude  distribution 
with  respect  to  copolarization. 

The  coordinates  of  the  center  of  gravity  of  ampli¬ 
tude  distribution  are  associated  with  the  position  of  a 
partial  phase  center.  When  being  rigorously  defined, 


this  center  degenerates  into  the  antenna’s  phase  center 
for  even  amplitude  and  odd  phase  distributions  [2]. 

The  most  important  results  have  been  obtained  by  ap¬ 
plying  the  AOPs  method  for  deep  nulling  in  the  direction 
of  arrival  of  jamming  signals.  Although  an  initial  prob¬ 
lem  is  nonlinear  and  multiextremal  by  its  nature,  synthe¬ 
sized  phase  distribution  functions  may  have  a  global 
extremum.  This  is  explained  by  the  following  reasons. 

•  First,  the  synthesis  algorithm,  based  on  the  search 
for  the  Fourier  coefficients  of  the  higher  harmon¬ 
ics  of  the  aperture  phase  distribution,  does  not 
change  the  mainlobe  orientation  owing  to  the  or¬ 
thogonality  between  the  linear  part  and  higher 
harmonics  of  the  wave  front. 

•  Second,  the  choice  of  optimal  harmonics  set  accord¬ 
ing  to  the  Lagrange  objective  fiinctional  guarantees 
the  minimal  gain  degradation  with  simultaneous 
nulling  in  the  directions  of  jamming  signal  arrival. 

•  Third,  on  exposure  to  broadband  jamming  signals, 
for  linear  and  planar  PAs  with  various  amplitude 
distributions,  the  deepest  sector  nulls  are  formed 
only  when  phase  distributions  are  synthesized 
relative  to  a  partial  phase  centre. 

For  planar  PAs  with  various  geometrical  parameters, 
including  nonuniform  PAs,  the  fundamental  proportion¬ 
ality  relationship  has  been  found,  which  connects  the 
relative  band  of  a  jamming  signal  to  relative  size  of  the 
sector  null,  from  which,  in  particular,  follows  that  the 
sector  null  size  should  be  increased  when  the  angular 
distance  between  the  boresight  and  the  direction  of  arri¬ 
val  of  broadband  jamming  signals  increases  [3]. 

Fig.  1  demonstrates  the  radiation  patterns  of  PAs  con¬ 
sisting  of  20  elements  with  a  uniform  amplitude  distribu¬ 
tion  and  sector  nulls  in  the  directions  of  maxima  of  the 
first,  second  and  third  sidelobes.  The  broadband  jam¬ 
ming  signal  suppression  is  achieved  by  synthesis  of  the 
sector  nulls  of  different  width.  The  quantization  of  the 
synthesized  phase  distribution  functions  with  a  step  of 
the  order  of  tt  /  8  supports  the  depth  of  nulls  at  -30  dB 
level,  fiilly  complying  with  practical  requirements. 

The  following  problem,  which  has  been  solved 
with  the  AOPs  method,  makes  it  possible  to  design 
the  linear  and  planar  nonuniform  PAs  with  enlarged 
average  spacing  between  elements.  The  major  advan¬ 
tage  of  this  method  is  the  possibility  to  define  the  laws 
of  antenna  element  arrangement  for  planar  PAs  with 
arbitrary  number  of  elements. 

The  following  problem,  which  has  been  solved 
with  the  AOPs  method,  makes  it  possible  to  design 
the  linear  and  planar  nonuniform  PAs  with  enlarged 
average  spacing  between  elements.  The  major  advan¬ 
tage  of  this  method  is  the  possibility  to  define  the  laws 
of  antenna  element  arrangement  for  planar  PAs  with 
arbitrary  number  of  elements. 

In  this  case,  the  sidelobes  of  higher  level,  which  are 
analogous  to  diffraction  lobes,  are  certainly  lacking 
both  in  the  mode  of  wide-angle  scan  and  in  the  ex¬ 
tended  fi*equency  band  as  much  as  2  -  3  octaves  and 
more.  The  total  gain  of  the  PA  with  dispersed  ele¬ 
ments  decreases  proportionally  to  the  number  of 
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Fig.  1. 


eliminated  elements.  Nevertheless,  the  preservation  of 
the  accuracy  of  defining  the  main  beam  angle  posi¬ 
tion,  although  the  total  level  of  sidelobes  is  growing 
up,  allows  one  to  use  such  arrays  in  the  antenna  sys¬ 
tems  designed,  for  example,  to  determine,  the  angle 
position  of  target  with  higher  accuracy.  Numerical- 
simulations  have  shown  that  the  location  of  antenna 
elements  at  the  orthogonal  polynomials  zeros  or  at  the 
extremal  points  of  products  of  the  orthogonal  poly¬ 
nomials  and  weighting  function  eliminates  the  ap¬ 
pearance  of  the  higher  level  sidelobes. 


Thus,  any  far-field  phase  distribution  at  the  antenna 
aperture  can  be  represented  by  the  generic  Fourier 
series  in  terms  of  orthogonal  polynomials  in  the  fol¬ 
lowing  fonn: 

00  00 

^(x,y)  =  «>o  +  E  E  . (^.2/)  = 

n-1 7»— 1 

=  ^0  +  C'loPio  (^,y)  +  Coip,,,  (x,y)+  (5) 

OC  00  71 

n=2m=2  q  r 

where  is  the  constant  phase  shift;  Cj„Coi  are  the 
Fourier  coefficients  of  first-order  polynomials,  which 
determine  the  angular  tilt  of  the  phase  front,  x^,y,  are 

the  zero  coordinates  of  the  n,m-  degree  polynomials. 

The  expression  in  the  form  of  the  double  sum  of 
higher  harmonics  is  orthogonal  to  the  linear  compo¬ 
nent  of  phase  front  at  the  aperture.  There  are  no  condi¬ 
tions  at  which  such  a  part  of  the  phase  distribution  can 
have  another  linear  component  of  the  phase  front, 
which  is  different  from  initial  component. 

Fig.  2  illustrates  the  relative  gain  degradation  of  the 
linear  nonuniform  PA  as  function  of  average  element 
spacing  [4].  In  the  design  nonuniform  PAs,  one  can 
find  trade-off  solutions  that  would  allow  the  total 
element  quantity  to  be  reduced  2  —  3  times  and  more 
at  an  acceptable  level  of  gain  degradation  and  preserv¬ 
ing  the  main-beam  angle  resolution.  As  the  total  cost 
of  a  PA  is  directly  dependent  on  the  quantity  of  an¬ 
tenna  elements  (400-1000$  per  each  element),  the 
above  stated  approach  makes  it  possible  to  reduce 
significantly  the  total  cost  of  the  PA 

Finally,  using  the  AOPs  method,  the  problem  of  lo¬ 
cal  zone  definition  at  the  aperture  of  a  planar  antenna 
with  arbitrary  amplitude  distributions  has  been  solved, 
whose  phase  perturbations  contribute  significantly  to 
the  distortions  of  certain  far-field  harmonics.  This  al¬ 
lows  the  optimal  strategy  for  the  real  -  time  control  of 
the  surface  of  PAs  and  reflector  antennas  to  be  defined. 
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Abstract 

A  new  method  is  considered  for  designing  the  linear  and  planar  unequally  spaced 
phased  arrays  (USPAs)  in  which  the  number  of  elements  may  be  practically  unlim¬ 
ited.  This  method  is  based  on  aperture  orthogonal  polynomials  and  enables  one  to 
find  the  law  by  which  elements  are  positioned  in  the  array  aperture  so  as  to  eliminate 
parasite  sidelobes  similar  to  diffraction  lobes  in  the  scanning  sector  or  over  a  wide 
operating  frequency  band.  A  sparse  USPA  is  shown  to  have  an  increase  in  the  level 
of  side  lobe  radiation  and  a  decrease  in  the  array  gain,  while  the  array  resolution  re¬ 
mains  unaltered.  The  behavior  of  USPA  directivity  is  numerically  estimated  and  the 
dependence  of  the  degree  of  USPA  directivity  reduction  on  the  average  distance  be¬ 
tween  elements  is  presented. 

Keywords:  aperture  orthogonal  polynomials,  array,  phase  distribution,  weighting 
function,  phase  shifter,  unequally  spaced  phased  array,  interference. 


At  all  times,  the  potentialities  of  unequally  spaced 
phased  arrays  (USPAs)  have  attracted  the  particular 
attention  of  the  designers  of  antenna  systems  because 
they  make  it  possible  to  operate  in  a  wider  waveband, 
apply  the  sparse  configurations  of  array  elements  and 
reduce  the  probability  that  diffraction  lobes  will  arise. 
However,  the  absence  of  valid  deterministic  algo¬ 
rithms  of  array  element  positioning  in  the  aperture 
that  ensures  the  lack  of  sidelobes  of  higher  level  re¬ 
strains  the  evolution  of  this  investigation  line. 

Existing  classical  methods  of  USPAs  designing  use 
either  random  laws  of  element  positioning  or  proce¬ 
dures  of  numerical  optimization  of  USPAs  parameters 
by  varying  the  positions  of  array  elements.  Moreover, 
they  also  employ  combinations  of  element  spacings 
that  are  related  as  ratios  of  mutually  prime  integers. 

The  principle  difference  of  the  aperture  orthogonal 
polynomials  (AOPs)  method  used  to  develop  the 
phase  control  algorithms  of  linear  and  planar  apertures 
from  conventional  phase  control  algorithms  is  that 
any  phase  distribution  can  be  expressed  as  a  segment 
of  the  generalized  Fourier  series  in  orthogonal  poly¬ 
nomials  of  the  aperture.  As  the  weighting  function 
and  p{x;y)  (for  a  planar  array),  an  amplitude 
distribution  fiinction  of  the  aperture  field  with  respect 
to  copolarization  is  used  that  takes  into  account  an 
actual  field  distribution  over  the  whole  aperture  and  in 
the  local  zone  around  every  array  element. 

At  the  same  time,  the  phase  distortions  in  the  aper¬ 
ture  field,  which  are  described  by  different  terms  of 
the  Fourier  series,  are  mutually  orthogonal.  First  of 
all,  it  is  necessary  to  emphasize  that,  if  the  linear 


phase  front  described  by  the  linear  term  of  series  is 
formed  in  the  antenna  aperture,  then  the  best  mean- 
square  approximation  to  the  ideal  linear  phase  control 
law  is  provided. 

The  proposed  method  can  be  used  to  design  either 
linear  or  planar  arrays  with  amplitude-phase  distribu¬ 
tions  of  different  kind  and  with  a  large  number  of  array 
elements.  Consider  the  construction  of  this  algorithm. 

The  far-field  pattern  of  planar  aperture  is  expressed 
via  the  following  integral: 

/(«,«)  =  1 JJ 

^  Q 

Here,  u  =  cos  ip  •  sin  6  ,  v  =  sin  p  •  sin  9  are  the 
directional  cosines  of  wave  front;  k  =  27yA  is  the 

wave  number  of  the  propagation  medium; 
p(a;,2/)>0  is  the  amplitude  distribution; 

p{x^y)  G  L2 ;  phase  distribution  ^(x^y)  €  L2 ;  and 
are  a  half  of  the  length  and  the  width  of  the  rec¬ 
tangular  aperture,  respectively,  where  the  domain  , 
I  =  max (4)4 )  IS  inscribed. 

The  phase  distribution  function  ^(x,y)  is  pre¬ 
sented  as  Fourier  series  in  orthogonal  polynomials 
with  the  weighting  fiinction  equal  to  the  amplitude 
distributions  in  the  aperture. 

As  p{x^y)>  0  is  the  strictly  positive  function, 
such  orthogonal  polynomials  always  exist: 

OC  00 

=  y]  ■  P„„,  {x,y) ,  (2) 

111=0 
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where, 

(^^y)Pki  ix,y)  •  p{x,y)dn 
n 

Pmn  kx,y)  e 

Port  {fi  I  P(a:,S/)  >  0}  (3) 

^ y ) ^nm  i^iV) pi^iV) d^l 

n 

These  polynomials  that  are  orthogonal  in  the  do¬ 
main  Q  have  properties  of  eigenfunctions  of  the  inte¬ 
gral  operator  (1). 

The  main  property  of  such  orthogonal  representa¬ 
tion  of  the  field  in  array  apertures  lies  in  the  fact  that 
phase  distortions  described  by  individual  harmonics 
are  mutually  orthogonal.  They  are  in  correspondence 
with  the  certain  distortions  of  a  far-field  pattern  shape, 
which  are  intrinsic  to  these  orthogonal  harmonics 
only.  For  example,  when  phase  distortions  are  de¬ 
scribed  by  the  third-degree  orthogonal  polynomial,  an 
angular  displacement  of  the  mainbeam  is  lacking  in 
contrast  to  the  usual  power-type  description  of  phase 
distortions  in  the  antenna  aperture  that  shows  such  a 
displacement. 

In  the  design  process  of  USPAs  and  sparse  USPAs 
in  particular,  the  central  problem  is  the  derivation  of 
the  nonperiodical  law  of  element  positioning  in  the 
aperture  which  provides  the  absence  of  the  high-level 
side  lobes  in  the  mode  wide-angle  scanning.  Such 
sidelobes  similar  to  diffraction  lobes  are  caused  by  the 
periodicity  of  discrete  element  arrangement  with  a 
step  of  d  >  A  /  2  and,  as  a  consequence,  the  presence 
of  a  quasilinear  component  of  the  phase  distribution  in 
the  aperture  field  which  is  distinct  fi-om  the  basic  lin¬ 
ear  component  of  the  field. 

Consider  such  a  nonperiodical  law  of  antenna  element 
positioning  in  the  linear  normalized  aperture  under 
which  every  element  is  located  at  the  point  correspond¬ 
ing  to  file  root  of  an  orthogonal  polynomial  from  the 
collection  of  N  polynomials.  In  this  case,  any  phase 
distribution  can  be  expressed  in  the  following  form: 

OC 

+  CiPi  ixy  +  <a;) 

«=2 

iv  „  (4) 

^  0)^0  +  Ci^in  +  C\<^u  + 

«=2  «=1 

where  are  the  Fourier  coefficients, 

is  the  set  of  roots  n  th-power  polynomial, 
pcx)  =  a^x  -f-  fljo  is  the  linear  polynomial, 
is  the  zero-power  polynomial. 

The  orientation  of  the  linear  phase  front  in  the  an¬ 
tenna  aperture  that  corresponds  to  the  best  mean- 
square  approximation  is  determined  by  the  coefficient 
Cl  Oil  for  the  variable  x ,  where  the  linear  part  of  the 
Fourier  series  is  orthogonal  to  the  sum  of  another  har¬ 
monics.  All  harmonics  do  not  depend  on  frequency 
and  the  point  of  observation  at  the  far  zone.  The  con¬ 
dition  of  physical  realizability  requires  that,  in  the 

relationship  (4),  the  finite  number  of  harmonics  N  in 

the  expansion  of  phase  distribution  should  be  used 
because  the  minima!  distance  d  between  adjacent 


0,  degrees 


Fig.  1.  A  pattern  of  the  USPA  with  uniform  amplitude 
distribution.  The  total  number  of  element  is 
35.  The  average  element  spacing  is  2A .  The 
element  positioning  is  determined  by  (5). 


6^  degrees 


Fig.  2.  A  pattern  of  the  USPA  with  uniform  amplitude 
distribution.  The  total  number  of  elements  is 
43.  The  average  element  spacing  is  2 A .  Ele¬ 
ments  are  located  at  AOP  zero  points. 

radiating  elements  should  be  more  or  equal  to  a  speci¬ 
fied  value,  for  example,  d  >  X/2, 

This  approach  may  readily  be  generalized  to  the 
planar  USPAs  with  the  amplitude  distribution  func¬ 
tion  p(x,y)  =  p^cx'>p2(y)  presented  in  the  multi¬ 
plicative  form. 

In  this  case,  the  set  of  two-dimensional  orthogonal 
rwlynomials  is  expressed  as  p,„„  (x,y)  =  p„  (y). 
If  such  a  representation  is  impossible,  then  the  com¬ 
putational  constraints  of  determining  the  two- 
dimensional  orthogonal  polynomials  and  their  roots 
are  sharply  growing. 

There  is  another  way  of  positioning  the  element 
with  unequal  spacing  in  the  antenna  aperture  by  which 
the  elements  are  located  at  the  extremal  points  of  or¬ 
thogonal  polynomials  or  at  the  extremal  points  of 
multiplication  of  orthogonal  polynomials  by  the 
weighting  function.  It  follows  from  the  fact  that,  first, 
the  above-mentioned  points  have  the  properties  of 
maximal  influence  on  the  pattern  shape  of  respective 
hamonics  under  local  phase  perturbations  in  these 
points  [1]  and,  second,  extremal  points  are  located 
between  the  adjacent  roots  of  orthogonal  polynomials 
and  do  not  significantly  change  the  mechanism  of 
unequal  positioning  of  elements. 

Figs.  1  and  2  demonstrate  the  far-field  patterns  of 
USPAs  that  has  been  designed  with  the  help  of  two 
algorithms  discussed  above.  Picture  1  presents  the  pat- 
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Fig.  3.  The  arrangement  of  the  USPA  element  in  the 
normal  aperture.  The  total  amount  of  ele¬ 
ments  is  40  X  40 . 
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tern  of  the  USPA,  which  consists  of  35  isotropic  ele¬ 
ments.  This  array  has  the  uniform  amplitude  distribu¬ 
tion.  This  means  that  the  well-known  Legendre 
polynomials  play  the  role  of  AOPs  and  antenna  ele¬ 
ments  are  located  at  the  extremal  points  of  correspond¬ 
ing  Legendre  polynomials.  The  Legendre  polynomials 
of  less  than  and  equal  to  10th  order  were  taken  as  an 
example.  Fig.  1  illustrates  the  pattern  of  the  array  with 
an  average  element  spacing  of  2A  (the  aperture  length 
is  70A  ).  The  pattern  analysis  shows  that  the  mean  level 
of  sidelobes  does  not  exceed  -10  dB. 

The  nearest  sidelobes  have  the  maximal  values 
(about  -  6  dB).  Furthermore,  it  should  be  noted  that 
the  sidelobes  do  not  taper.  This  behavior  is  predictable 
and  typical  for  most  USPAs.  However,  it  is  possible 
to  decrease  the  level  of  nearest  sidelobes  when  using 
the  falling-down  amplitude  distribution  and  the  spe¬ 
cial  procedure  of  inversion  of  the  antenna  elements 
positioning  points  relative  to  the  array  center. 

Fig.  2  shows  the  far-field  pattern  of  the  same  array 
with  elements  located  at  zeros  of  AOPs.  It  should  be 
emphasized  that  there  are  no  significant  differences  in 
the  behavior  of  patterns  that  were  built  with  the  help 
of  the  first  and  second  algorithms. 

When  designing  the  planar  USPAs  we  observe  that 
the  mean  level  of  sidelobes  significantly  depends  on 
the  value  of  ip  because,  in  case  of  multiplicative  rep¬ 
resentation  of  the  weighting  function,  there  are  only 
two  critical  directions  p  ~  ^  and  p  =  90°  .  In  these 
directions,  the  pattern  of  the  planar  USPA  is  equiva¬ 


lent  to  the  pattern  of  the  linear  USPA.  Fig.  3  illus¬ 
trates  the  arrangement  of  elements  in  the  aperture  of 
the  planar  USPA  with  a  total  element  amount  of 
40x40  and  average  element  spacing  of  ~  4.4A . 

Fig.  4  shows  the  pattern  of  this  USPA  at  the  angle 
p  =  10° .  It  follows  from  Fig.  4  that  the  mean  level  of 
sidelobes  is  reduced  by  at  the  least  1 0  dB  in  the  non- 
critical  direction  in  comparison  with  a  critical  one. 

For  sparse  USPAs  it  is  necessary  to  estimate  the 
degree  of  reduction  of  the  gain  or  directivity  as  com¬ 
pared  with  those  of  conventional  uniformly  spaced 
arrays  with  a  complete  configuration  of  elements 
(d  0.5A ) .  This  procedure  is  carried  out  by  estimat¬ 
ing  the  directivity  and  radiation  power  of  the  array 
aperture  using  the  well-known  formula: 

G  =  (5) 

where 

/=  f{e,<p)rie,ip)smedipde  (6) 

Jo  Jo 

The  initial  array  pattern  can  be  presented  by  the 
following  expression: 

N,  Ny 

f[u,v)  =  ^'^p{xi,yj)exp[ik{l^(u-uo)  + 

*=0j=0  (7) 

+  ly{V-Vo)] 

where  p(xj,2/j  )  is  the  amplitude  distribution  func¬ 
tion  in  the  array  aperture,  Xi  e  (-1,1),  y-j  €  (-1,1) 

are  the  coordinates  of  array  elements  located  in  the 
normal  aperture  O  c  [—1,  1]  [—1,  1] .  iV^.  x  Ny  is 

total  amount  of  elements  in  the  array. 

The  mainbeam  direction  is  defined  by 
Uq  =  COS  Pq  •  sin  Oq  and  Vq  =  sin  Pq  •  sin  Oq  .  Substi¬ 
tuting  the  expression  (7)  into  the  integral  (6)  and  us¬ 
ing  the  Poisson  formula,  we  obtain: 

TT  27r 

S  J*  /  [  ^  +  1/  sin  ^  sin  C  cos  0  ]  x 

«  «  ^  (8) 

X  sinOdpdO  =  27r -f  H-  jdw 
-1 

after  simple  but  tedious  computations,  we  can  obtain 
the  final  expression  for  determination  of  the  planar 
USPA  directivity  in  the  direction  of  maximal  radia¬ 
tion  (Uq  —  0,  i/q  =  0). 


G  =  2‘ 


N.  Ny  l2 

Vj)- 

i—Qj—0 


’  Nj:  Ny  i  j 

^im  ^jn  x(9) 

>ir=0  j=0  m=0 

sinjA:  •  ■  (a;,  -  a:,„  f  +ty  •  {vj  -  2/„  f  | 
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Fig.  5.  The  degree  of  reduction  of  the  directivity 
for  the  USPA  with  a  uniform  amplitude 
distribution 


where  -  . 

^  [2,  i  ^  j 

When  passing  from  the  two-dimensional  array  to  the 
one-dimensional  one,  the  formula  (10)  is  reduced  to: 

2 

I  ■ '  j  I 

G  =  2- 


i=0 


s,  i  ■  (It  \  I 

f=0  j  I  I  ^ 


The  directivity  of  USPAs  in  comparison  with  the  di¬ 
rectivity  of  uniformly  spaced  arrays  is  veiy  important 
in  the  design  of  USPAs.  This  reduction  can  be  evalu¬ 
ated  by  introducing  the  relative  coefficient  of  directiv¬ 
ity  reduction,  which  shows  the  degree  of  reduction  of 
the  USPA  directivity  in  comparison  with  the  directivity 
of  a  corresponding  uniformly  spaced  array.  This  rela¬ 
tive  coefficient  is  introduced  by  the  formula: 


C  =  G/G,,  (11) 


where  G  is  the  USPA  directivity,  G^.  is  the  directiv¬ 
ity  of  a  uniformly  spaced  array. 

Fig.  5  illustrates  the  dependence  for  linear  arrays.  It 
has  the  decaying  character  and  is  practically  inde¬ 
pendent  from  the  type  of  amplitude  distribution. 

Thus,  the  new  method  of  designing  the  linear  and 
planar  USPAs  makes  it  possible  to: 

•  Use  the  deterministic  procedure  of  element  posi¬ 
tioning  in  the  antenna  aperture. 

•  Eliminate  the  restriction  on  the  total  number  of 
antenna  elements, 

•  Provide  the  mode  of  wide-angle  scanning  and  op¬ 
eration  in  the  broad  frequency  band  without  high 
levels  of  sidelobes  because  the  law  of  element  po¬ 
sitioning  does  not  depend  on  frequency. 

•  Use  sparse  USPAs  with  the  controlled  degree  of  di¬ 
rectivity  reduction  and  ensure  unchanging  resolution 
and,  simultaneously,  reduce  expenses  by  decreasing 
the  number  of  receiving-transmitting  modules. 
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Abstract 

The  problem  of  building  a  numerical  algorithm  for  determination  of  branching 
points  of  one  nonlinear  integral  operator,  which  arises  in  the  theory  of  antennas  syn¬ 
thesis  according  to  the  given  amplitude  radiation  pattern,  is  considered.  The  basic  dif¬ 
ficulty  consists  in  that  the  kernel  of  an  integral  operator  nonlinearly  depends  on  two 
parameters,  which  play  role  of  the  spectral  ones.  For  such  problems,  except  a  special 
case,  the  existing  numerical  algorithms  are  not  applicable.  For  building  an  algorithm 
for  solving  such  problems,  the  equivalent  variational  statement  is  used.  The  problem 
is  reduced  to  a  sequence  of  linear  two-parameter  eigenvalue  problems  with  applica¬ 
tion  of  one  gradient  procedure  for  simultaneous  evaluation  of  two  spectral  parameters 
being  the  branching  points  of  an  initial  nonlinear  integral  operator. 

Keywords:  antennas  synthesis,  branching  points,  nonlinear  integral  operator,  two- 

parameter  eigenvalue  problem,  numerical  algorithm,  eigenvalue,  gradient 
procedure. 


1.  Introduction 

When  investigating  the  nonlinear  equations  as 

4A,/)=/, 

where  operator  A{\f)  nonlinearly  depends  both  on 
parameter  A  and  function  / ,  the  formalistic  approach 
based  on  a  linearization,  is  applied.  The  application  of 
this  approach  shows  that  the  branching  points  of  equa¬ 
tion  can  be  only  those  values  of  parameter  A,  for 
which  unit  is  the  eigenvalue  of  the  appropriate  homo¬ 
geneous  equation  [1] 

A{\)f  -  / 

with  the  operator-valued  function  A  \  C  ^ 

(where  X{H)  is  a  set  of  linear  operators,  A  G  (7  is 
the  spectral  parameter)  nonlinearly  depending  on  the 
parameter  A .  If  A{X)  =  A  is  the  linear  operator,  its 
eigenvalues  will  be  the  branching  points  of  an  input 
equation.  In  general  case,  there  are  curves  of  eigen¬ 
values  iy{X)  and  then  branching  points  will  be  those 
values  of  a  parameter  A  of  the  problem 
AiX)f  =  u{X)f, 
for  which  i/(A)  =  1 . 


The  application  of  the  cited  above  approach  to  the 
nonlinear  integral  operator  arising  at  the  synthesis  of  the 
antenna  systems  in  accordance  with  to  the  given  amplitude 
RP  leads  to  the  nonlinear  eigenvalue  problem 
r(A,  /i)/  =  /  with  an  integral  operator  r(A,  analyti¬ 
cally  depending  on  two  spectral  parameters  A  and  . 

In  the  given  work,  the  variational  approach  to 
building  the  numerical  algorithm  for  solving  such 
eigenvalue  problems  is  offered.  It  consists  in  replace¬ 
ment  of  the  nonlinear  operator  of  function  T(A,//) 
with  a  linear  operator  of  function  on  both  parameters 
and  application  of  the  gradient  procedure  for  simulta¬ 
neous  evaluation  of  a  gang  of  spectral  parameters 
A,  ^  of  obtained  two-parameter  eigenvalue  problem. 

2.  Statement  of  the  Problem 

The  variational  statement  of  the  problem  of  antennas 
synthesis  with  flat  aperture  according  to  the  given 
amplitude  directivity  pattern  reduces  to  the  nonlinear 
equation  [2] 

/(6,6)  = 

Q 

where 
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D 

is  a  kernel  considerably  depending  on  the  form  of 
aperture,  and  Q  c  is  the  area,  in  which  the  ampli¬ 
tude  RP  is  given. 

For  the  rectangular  aperture  of  antenna 
D  =  {isl  <  a,|j/|  <  6}  the  kernel  (2)  is  possible  to 
be  presented  as  [2,  page  247] 


_  sin  Ci(^,  sin  cjfe  -  ^2')  (2') 

^(^1  -  eO  7r(42  -  6')  ’ 

where  Ci,C2  are  the  fundamental  physical  parameters 
describing  electrical  sizes  of  the  antenna  and  solid 
angle  of  area  fl ,  which  also  looks  like  some  rectangle 

^  -  {lCil<  1,1^2!  <!}. 

The  equation  (1)  has  a  non-unique  solution,  and  as 
one  of  it’s  possible  solutions  (we  shall  name  it  as  triv¬ 
ial)  is  the  following  one 

/o(^l,C2, Cl, C2)  = 

n 

It  corresponds  to  RP  with  a  phase  center 
=  0)  and  takes  place  for  arbitrary 
Cl  >  0  and  oi  >  0  .  But  in  most  cases,  just  nontrivial 

solutions  branching  from  /o(^i,6»Ci,C2)  with  the  in¬ 
crease  of  parameters  Ci  and  02  are  of  physical  interest. 

Thus,  the  problem  of  determination  of  points  Ci 
and  Cl ,  in  which  there  appear  solutions  different  from 
trivial  ,  is  reduced  to  definition  of  the 

eigenvalues  of  the  integral  operator 

=  fff'((UDm,,c2,(Uicj,c,)x  (4) 

n 


y<4(uC2,Ci,C2) 

/)(^1i^2)Ci,C2) 


The  appropriate  eigenfunctions  of  this  operator  are 
used  when  solving  equation  (1). 

Since  the  parameters  Cj  and  ci  play  a  role  of  spec¬ 
tral  parameters,  we  actually  have  come  to  the  general¬ 
ized  two-parameter  eigenvalue  problem 


w(ei.&,Cl,C2)  =  r(Ci,C2)w(ei,^2,Ci,C2)  .  (5) 


Note,  that  in  a  specific  case,  when  it  is  possible  to 
separate  variables  in  function  F(^,,^2) .  i-C-  to  present 

R(^i,C2)  as 


m,C2)  =  Fi(^i)-F(^.2), 


the  equation  (5)  is  decomposed  into  two  independent 
one-parameter  (but  nonlinear  with  respect  to  the  pa¬ 
rameter)  equations,  i.e. 

^  j  =  1,2. 

For  such  equations  both  the  numerical  methods 
(see,  for  example,  [3],  [4])  and  the  numerical  analyti¬ 
cal  methods  of  their  research  [2]  are  developed. 

In  the  given  work,  the  numerical  algorithm  for  solu¬ 
tion  of  more  complicated  problem  when  the  variables  are 
not  separated,  is  offered.  The  essence  of  it  consists  in  that 
the  solution  of  the  nonlinear  two-parameter  eigenvalue 
problem  (5)  is  reduced  to  solution  of  some  sequence  of 
linear  two-parameter  eigenvalue  problems,  for  solution 
of  which  the  gradient  procedure  is  used. 


3.  Basic  Equation  and  Algorithm  of 
THE  Solution 

At  first  we  shall  reduce  with  a  standard  method  opera¬ 
tor  (4)  to  a  self-adjoining  form. 

Introducing  a  new  function 

<P(^uC2,Ci,C2)  =  y[w{^^ ,  ^2. Cl ,  C2)u;(^i ,  Cl,  C2)  , 

where  -  F(^i,e2)/i)(^i,e2,Ci,C2), 

we  come  to  the  integral  equation 

V5(^1>^2-Ci,C2)  = 

=  // ^te-^2,e/,l2,Cl,C2M6',el,Ci,C2)rf^;d(2' 

-1  -1 

with  the  symmetrical  kernel 


In  order  to  get  rid  of  a  continuous  spectrum,  we 
shall  select  from  the  kernel  the  trivial  solution  (3), 
which  corresponds  to  the  eigenvalue  r?(q,e2)  =  1  for 
any  positive  q  and  C2 .  In  this  case,  equation  (6)  will 
be  transformed  into  the  equation 

V’(^1.42.Ci,C2)  = 

,  6,  ^2.  C: ,  C2)^(^/,  6',  C, , 

-1  -1 

with  the  symmetric  kernel 


^  > ^2) 


M(l  ^ 6 1  Cl  >  ^2)fi)(^U  C2^  C^Ci) 


Decomposing  the  kernel  E  of  the  operator  T  by 
Taylor  series  in  the  neighbourhood  of  point 
(ci  =  fi,  Cl  =  u)^  and  taking  up  the  linear  terms  of 


expansion,  we  come  to  the  two-parameter  eigenvalue 
problem  of  the  form 


fip  =  Aip- -  X^Biip  =  0  .  (8) 
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In  view  of  bulky  size  of  the  formulas,  the  expres¬ 
sions  for  operators  here  are  not  written. 

Now  we  shall  consider  the  functional 

HV>)  =  2  II  “  ^2S2V>|f  .  (9) 


It  is  not  difficult  to  show  that  equality  F{(p)  =  0 
holds  if  and  only  if  VF(<^)  =  0 ,  where  VF{(p)  is  the 
gradient  of  Ilinctional  (9).  And,  obviously,  VF{(p)  =  0 
if  and  only  if  both  (p  and  A{<p)  —  {Ai,A2}  are  the  ei¬ 
genvector  and  eigenvalue  of  the  problem  (8). 

This  result  allows  us  to  construct  the  gradient  pro¬ 
cedure,  as  the  algorithm  of  numerical  determination  of 
eigenvector  as 

A+i  =  ^Pk  -  liPkWFiPk) ,  k  =  0,1,2,..., 

‘Pk+i  =  A+i/  II  A.+1  II  >  (19) 


||vny^^)|| 

||rv#(^,)|f 


and  the  eigenvalue  A(v?)  =  {Ai,A2}  is  uniquely  de¬ 
termined  according  to  the  obtained  (p  from  a  set  of 
equations 

a{cp)  ==  A{<p)P{ip) ,  (11) 


where  a{(p)  =  ^  column  vector, 

and  ^{(p)  =  {A  is  matrix  with  components 

ai{ip)  =  {Aip,B,^)  and  =  (Bi^p.Bjip) ,  respec¬ 
tively,  and  (•,')  is  a  scalar  product  in  space  Li . 

Thus,  the  algorithm  consists  in  the  following: 

t.  For  some  initial  approximation  (i  =  0)  of  pa¬ 
rameters  =  /i,  4'^  =  u  the  operators  A, A, ^2 

are  defined  using  expansion  of  kernel  of  operator  (4) 
into  a  Taylor  series. 

2.  Using  the  iterative  process  (10)  with  some  initial 

approximation  eigenvector  (pj^,  and  gangs  of 

eigenvalues  A{(pf^.)  —  {Ai,A2}  by  (11)  of  linear  two- 
parameter  problem  (8)  are  defined. 

3.  If  4"^^  defined  with  a  neces¬ 
sary  accuracy,  i.e.  ^ 

1 4*^  —  4*^^^  I  ^  this  approximation  is  fixed  and 

giving  4'^  =  4'^^^’-^  =  1,2  we  pass  to  item  1. 


4.  Numerical  Results 

For  the  cases,  when  in  function  -F(^i,^2)  describing 
the  amplitude  directivity  pattern  of  antenna,  the  vari¬ 
ables  are  separated  and  not  separated,  the  numerical 
experiments  on  application  of  the  described  above 
algorithm  for  determination  of  the  first  branching 
point  were  carried  out. 


Table.  1. 


^4.6) 

Branch,  points 

Branch, 
points 
from  [2] 

Cl 

C2 

Cl 

C2 

const  =  1 

3.141592 

3,141592 

TT 

TT 

Trfi  77^2 

cos cos 

4.712543 

4.712543 

4.712 

4,712 

sin  TT^i  sin  7r^2 

3.141591 

3.141591 

TT 

TT 

3.464286 

3.464286 

3.797263 

3.797263 

In  the  table,  the  first  branching  points  for  three 
given  functions,  when  the  variables  are  separated  also 
for  two,  when  the  variables  are  not  separated,  are 
given.  For  three  first  functions  the  branching  points 
obtained  by  other  method  (by  a  solution  of  transcen¬ 
dental  equations)  from  [2]  also  are  given. 

From  the  table  it  is  seen,  that  for  the  case,  when  vari¬ 
ables  of  -F(^i,^2)  are  separated,  the  results  obtained  by 
two  different  approaches  completely  coincide. 

5.  Conclusion 

The  approach  offered  in  the  work,  for  construction  of 
iterative  processes,  can  be  applied  to  determination  of 
generalized  eigenvalues  of  nonlinear  two-parameter 
(multiparameter)  eigenvalue  problems. 

In  particular,  for  definition  of  branching  points  of 
the  nonlinear  integral  equation  considered  in  the 
work,  it  can  effectively  be  applied  in  the  most  com¬ 
mon  case,  i.e.,  when  variables  in  function  i^(^i,6) 
are  not  separated  and  for  which  the  existing  algo¬ 
rithms  are  not  applicable. 
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Abstract 

One  of  the  methods  for  fractal  antenna  array  synthesis,  based  on  the  use  of  fractal 
current  distributions  is  considered.  Analysis  of  both  equally-spaced  and  non-equally- 
spaced  antenna  arrays  constructed  with  using  the  Kravchenko-Darboux  and 
Kravchenko-Besicovitch  functions  is  shown. 


Keywords:  antenna  arrays;  antenna  theory;  antenna  radiation  patterns;  low-sidclobe 
antennas;  fractals;  atomic  functions;  linear  array;  Darboux  function; 
Bcsicovich  function. 


1.  Introduction 

Recently,  new  approaches  in  antenna  system  analysis 
and  synthesis,  based  on  ideas  of  fractal  geometry  be¬ 
come  more  popular.  [1,2],  Antenna  radiators  were 
constructed  on  the  base  of  fractal  sets  and  their  prop¬ 
erties  were  investigated  [3].  Two  approaches  in  the 
fractal  antenna  array  design  may  be  distinguished: 

a)  arrays  undemanding  to  accuracy  of  radiator  place¬ 
ment  and  possessing  low  directivity  and  a  suffi¬ 
ciently  high  sidelobe  level.  Such  arrays  are  similar 
to  randomly  spaced  arrays  [3]; 

b)  arrays  with  a  low  sidelobe  level  and  high  directiv¬ 
ity.  Their  properties  are  close  to  those  of  classical 
arrays  but  sometimes  it  is  possible  to  realize  simple 
algorithms  for  synthesis  of  such  fractal  arrays. 

Here,  the  class  of  two-dimensional  antenna  arrays 

constructed  with  using  the  Darboux  and  Besicovitch 
classical  fractal  functions  and  atomic  functions.  Such 
an  approach  for  the  first  time  was  realized  by 
V.F,  Kravchenko  [3]. 

Consider  two-dimensional  antenna  arrays  con¬ 
structed  on  the  base  of  different  combinations  of 
atomic  functions  and  classical  fractal  functions.  They 
belong  to  the  class  of  equally-spaced  arrays  with  non- 
uniform  amplitude  distribution  complicating  the  syn¬ 
thesis  algorithms.  The  lack  of  such  an  approach  is  in 
the  fact  that  separate  elements  of  an  antenna  array 
operate  in  different  working  regimes  and  can  fault  due 
to  overheating.  It  also  known  that  arrays  with  nonuni¬ 
form  current  distribution  have  lower  values  of  aper¬ 
ture  efficiency  in  comparison  with  arrays  having 
uniform  amplitude  distribution.  But  here  it  is  possible 
to  decrease  the  sidelobe  level  by  an  appropriate  choice 
of  the  current  distribution. 


2.  Planar  Antenna  Arrays 

Consider  the  case  of  a  planar  two-dimensional  sym¬ 
metric  non-equal  ly-spaced  FA  A  with  spaces  dj.  along 
axis  X  and  along  axis  y  (Fig.  I). 

The  formula  for  evaluating  the  radiation  pattern 
fora  (2M)^ -element  array  has  the  form 

M  M 

where 

=  kdj. (sin  6  cos  (p  —  sin  9^)  cos  ; 

“  kd^j{sm6sin(p  —  sin^Q  siiK^o). 


Fig.  1.  Linear  two-dimensional  antenna  array  with 
M  X  N  equally-spaced  elements 
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Current  distribution  amplitudes  obey  the  following  rule: 
hnn  —  )  5 

where  )  ^re  values  of  the  atomic-fractal 

function  at  corresponding  points  and  . 


3.  Atomic  Functions 

Foundations  of  the  theory  of  atomic  functions  are 
considered  in  [3].  Here,  we  shall  present  some  infor¬ 
mation  about  less  known  atomic  functions.  Another 
often  used  function  is  up„j  ca;) ,  the  generalization  of 
the  atomic  function  up(a;) ,  satisfying  the  functional- 
differential  equation 

VI 

y\x)  —  a^(t/(2mx  -f  2m  —  2k  -\-l)  — 
k.=i  » 

-  y(2mx  -2k  1))) 

m  =  2,3,4....  All  properties  of  functions  up„j<a^) 
are  presented  in  [3].  Let  us  discuss  one  of  them,  using 
for  evaluating  the  function  at  rational  points  in  the 

domain  of  definition.  Let  be  the  moment  of  or¬ 
der  n  of  the  function  ,  where 

upm(^)dx ,  =  0>  because 

uPm(^)  is  even  for  any  m .  even  moments  are 
rational  numbers  found  by  the  recurrent  formula 


2k +1 


{2n)\ 


m‘ 


m2mf 


2n 


n 

l)i(;^(2n-2^)!(2A:  +  l)! 


|P2«-2A:5 


(n  =  1,2,3,...),  The  following  remark  takes  place. 
From  the  theory  of  AFs  it  follows  that 
==  4-  „  ,  5  =  0,l,...,(2m)”+^ .  The 

points  form  an  everywhere  dense  set  on  the  in¬ 
terval  [-1,1].  Note  that  values  of  up„j(x)  at  points  of 
this  set  are  rational  and  can  be  determined  explicitly  as 


2n+l 

(?i +l)(»+2) 


X 


S  [71  /  2] 

E«5'"’E 

j=\  A:=0 


n!(2m)  2 

n  \ 


2k 


where  [a]  is  the  integral  part  of  the  number  a  . 

Other  often  used  functions  are  t/;.  (a:)  determined  as 


•  i^,0)  =  -^  f  F,.(t)dt,  r  =  1,2,3,..., 

—  OO 


Vr 


where 


The  function  ca;)  satisfies  the  system  of  func¬ 
tional-differential  equations 

1  1 

?/'ca:)  =  2E(-1)  2/r+i  (a;<:,r  )>  r  =  1,2,3,..., 

k.=l 

where 

a:jr.r  =  2mrX  +  2mr  —2k  +  l,  x  €  k  =  1,2m,.  . 


The  function  Tr,,,^  (x)  is  defined  as 
7r',  cx)  =  a[7r,„(xi<m))  + 

27U-1 

+  E  <m:>)  -  7r,„  (x-i,,,  cm))  , 

k=2 

m  —  3,4,5,..,, 


where 

X}.cmy  =  2mx  +  2m  —  2A;  +  1,  x  6  k  =  1,2m  . 


As  in  the  case  of  the  fiinction  up„i  cx) ,  fast  algo¬ 
rithms  for  evaluating  these  functions  exist  [4]. 


4.  Fractal  Functions 

4. 1 .  The  Darboux  Function. 

In  spite  of  the  fact  that  the  term  «fractal»  was  intro¬ 
duced  by  Mandelbrot  only  in  1975,  examples  of  self¬ 
similar  functions  were  known  earlier.  In  1872  Dar¬ 
boux  generalized  the  Hankel  function  and  constructed 
his  original  nowhere  differentiable  function 

71  =  1 

Later  on,  he  obtained  the  following  expression: 

ipcx:>=y  - ,  (2) 

7^1 

where  a„  and  6,^  are  some  real-valued  sequences; 
/cx)  is  a  continuous  bounded  together  with  its  sec¬ 
ond  derivative  function.  If  the  sequences  {a„}  and 
{6,^  }  are  chosen  so  that,  at  fixed  k  , 

lira  =  0, 

7i-»oo 

lil^  ~k  0-2^2  +  -  <  +  an-k^n-k  _  q 

71-+00  ’ 

then  series  (2)  everywhere  converges  to  a  some  con¬ 
tinuous  function  (p(x) ,  If  6,^  =  n  +  1 ,  k  —  3  ,  and 
/(X)  =  sinx ,  then  expression  (2)  coincides  with  (1). 
The  plot  of  function  (1)  is  presented  on  Fig.  2. 

4.2.  THE  BESICOVITCH  FUNCTION. 

This  function  is  an  example  of  nowhere  differentiable 
continuous  function  Its  construction  procedure  consists 
of  the  following  stages.  At  the  first  stage,  the  interval  of 
length  2a  is  constructed.  Then,  because  this  function  is 
symmetrical  with  respect  to  the  point  a ,  it  is  enough  to 
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Fig.  2.  The  Darboux  function 


0«  0.e  I  0.2  0.<  0.«  0.8 

a)  b) 


c) 


d) 


Fig.  3.  The  first  four  iterations  of  the  Besicovitch 
function 


construct  it  on  the  interval  (0,a).  Later  on,  we  con¬ 
struct  the  interval  of  length  /j  =  a/4  in  the  central 
part  of  this  interval.  The  interval  (0,a)  is  divided  by 
the  segment  onto  two  equal  parts;  new  intervals  of 
length  li  =  a  1 2^  are  placed  at  their  centers.  Thus,  we 
obtain  four  equal  intervals  with  segments  of 
lengths^)  =  0/2”, —  a at  their  centers.  As 
a  result,  the  infinite  set  of  intervals  is  con¬ 

structed  on  the  base  of  the  interval  OC  ;  their  join  L  is 
an  everywhere  dense  set  of  total  length  o/2 .  A  con¬ 
tinuous  function  constructed  in  this  way  is  nowhere 
differentiable.  Its  plot  after  the  first  four  iterations  is 
presented  on  Fig.  3. 


5.  Examples  of  Antena  Arrays  Based 

ON  THE  KrAVCHENKO-DaRBOUX  AND 

Kravchenko-Besicovitch  Function 

Consider  some  examples  of  antenna  arrays  with  cur¬ 
rent  distributions  corresponding  to  the 

Kravchenko-Darboux  and  Kravchenko-Besicovitch 
function.  Fig.  4  shows  plots  of  the  functions 
upi(3:,2/)T>(x,j/)  and  \ip,^{x,y)Bcz{x,y) . 


••  •• 


fi  nil II a  I 


I  a  II II  a  B 

a  ••  a 


- rl  ._-JD.5  „.0  _ 0.5  . 1  -1  -0.5  0  0.5  1 

b) 

Fig.  4.  Plots  of  the  functions  ViY>\{x,y)D{x,y)  {a) 
and  nT^:\{x,y)Bcz{x,y)  [b) 


6.  Conclusion 

Fig.  4  and  Table  1  present  plots  and  main  physical 
parameters  (RP,  directivity)  of  128-element  fractal 
arrays  constructed  on  the  base  of  combinations  of  the 
synthesized  Kravchenko-Darboux  and  Kravchenko- 
Besicovitch  functions  with  spacing  d^,  =  dy  =  A/2 

between  elements,  for  =  90® . 

The  following  designations  are  introduced  in  the  ta¬ 
ble:  4  is  the  aperture  mean  square  width;  is  the 
sidelobe  level.  Analysis  of  these  parameters  shows  that 
arrays  based  on  the  aforementioned  fractal  current  dis¬ 
tributions  have  lower  values  of  aperture  efficiency  in 
comparison  with  arrays  with  smooth  distributions.  The 
aperture  efficiency  values  depend  on  the  form  of  a  frac¬ 
tal  function  (for  example,  arrays  on  the  base  of  the 
Darboux  function  possess  greater  values  of  efficiency). 

This  effect  is  caused  by  the  fact  that  fractal  current 
distributions  have  large  numbers  of  maximums  and 
minimums  and  their  integration  yields  low  aperture 
efficiency.  Since  the  obtained  arrays  are  less  sensitive 
to  separate  elements  currents,  they  (especially  those 
based  on  the  Kravchenko-Besicovitch  function)  may 
be  considered  non-equally-spaced,  with  large  numbers 
of  excluded  elements.  Their  analysis  becomes  to  be 
more  complicated  but  their  aperture  efficiency  in¬ 
creases  sufficiently. 

Non-equally-spaced  arrays  have  small  values  of  L, 
and  allows  one  to  enlarge  the  spacing  d  >  A/2,  i.e., 
additionally,  without  increasing  the  number  of  radia¬ 
tors,  to  increase  directivity  and  to  narrow  down  the 
main  lobe  width.  This  effect  is  necessary  for  antennas 
with  electrical  scanning. 


Table  1.  Physical  parameters  of  fractal  antenna  arrays 


Function 

4 

Directivity.  dB 

CniJix  •  40 

Bez{x,  y) 

2.29 

48.28 

-8.68 

Bez{x,y)yt-,{x,y) 

2.32 

48.24 

-8.11 

Bcz(x,y)uY>^{x,y) 

1.59 

46.49 

-12.58 

Bcz{x,y)'Kr,(x,y) 

2.19 

47.56 

-8.41 

D{x,y) 

2.83 

51.29 

-15.29 

D{x,y)Trr,(x,y) 

2.50 

50.04 

-11.44 
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d)  e)  f) 

Fig.  5.  Cross-sections  of  the  RP  by  the  plane  Ox  and  current  distributions  Vi^^X^^y)Bez{x^y)  {a,d), 
D{x,y)7r^{x,y)  (Z),  e),  and  it^{x^y)Bez{x,y)  (c,^)  in  the  128-element  array 
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Abstract 

One  of  the  methods  for  constructing  fractal  antenna  arrays,  based  on  ideas  of  frac¬ 
tal  geometiy'  is  considered.  General  algorithms  for  synthesis  of  fractal  arrays  are  pre¬ 
sented.  Results  of  using  the  atomic  functions  in  algorithms  of  ring  fractal  antenna 
array  analysis  and  synthesis  arc  shown. 

Keywords:  antenna  arrays;  antenna  thcor>';  antenna  radiation  patterns;  low-sidclobc 
antennas;  fractals;  atomic  functions;  circular  subarray;  linear  array. 


1.  Introduction 


Let  us  consider  one  of  the  methods  for  constructing  the 
mathematical  model  of  fractal  antenna  arrays,  based  on 
the  use  of  generating  concentric  circular  ring  arrays 
with  centers  located  at  distances  from  the  origin. 

The  generating  array  factor  for  the  concentric  cir¬ 
cular  ring  array  may  be  expressed  in  the  form  [1] 

A/  N 

WI  =  1  «  =  1 

where  {6,^)  =  kr„,  sin l9 cos ((/?  -  , 

k  —  27t  /  X  is  the  wave  number,  M  is  the  total  num¬ 


ber  of  concentric  rings,  is  the  total  number  of 

elements  on  the  m  th  ring,  is  the  m  th  ring  radius, 

is  the  excitation  current  amplitude  of  the  nth 
element  on  the  m  th  ring  located  at  y?  =  ,  and 


is  the  excitation  current  phase  of  the  n  th  ele¬ 
ment  on  the  m  th  ring  located  at  (p  —  . 

The  technique  for  constructing  such  fractal  arrays  is 
based  on  the  results  of  [1-3]  and  is  sufficiently  flexible 
in  comparison  with  other  approaches.  It  ensures  obtain¬ 
ing  required  results  in  fractal  antenna  array  design 
without  complicated  mathematical  algorithms. 

A  wide  variety  of  simple  recursive  schemes  may  be 
constructed  using  expression  (1),  The  fractal  array 
factor  for  a  particular  stage  of  growth  P  may  be  de¬ 
rived  directly  from  (I)  by  a  procedure  similar  to  that 
outlined  in  [2, 3].  Thus,  the  resulting  expression  for 
the  array  factor  was  found  to  be 


M  N 


711  =  1  »  =  1 


(2) 


where  6  represents  the  scaling  or  expansion  factor 
associated  with  the  fractal  array. 


Fig.  1.  Elements  of  stages  1  and  2  of  a  circular  array 
of  radius  r 


Let  us  present  main  stages  of  constructing  fractal 
arrays  defined  by  (1).  Consider  a  unit  element  of  a 
circular  ring  array  of  radius  r  (Fig.  1).  It  can  be  in¬ 
terpreted  as  a  generating  subarray  of  level  1  for  the 
fractal  array.  The  next  stage  of  the  construction  is  also 
represented  on  Fig.  1.  On  the  first  stage  of  the  con¬ 
struction  process,  a  four-element  generating  subarray 
with  factor  6  must  be  obtained.  The  algorithm  has  the 
following  form:  at  the  second  stage,  each  of  the  ele¬ 
ments  of  the  array  is  replaced  by  an  exact  copy  of  the 
original  unsealed  four-element  circular  subarray  gen¬ 
erator.  The  entire  process  is  then  repeated  in  a  recur¬ 
sive  fashion,  until  the  desired  stage  of  growlh  for  the 
fractal  array  is  reached. 

This  process  is  convenient  for  analysis  and  model¬ 
ing.  It  allows  us  to  express  the  fractal  array  factor  (2) 
in  the  following  normalized  form: 


Fp(0,^p)  =  J] 

7^=1 


7»=1  »  =  1 


M  N,„ 

EE^- 


7JI  =  1  7»  — 1 


•(3) 


Taking  the  magnitude  of  both  sides  of  Eq.  (3)  leads  to 
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p=i 


M  N„. 

EE 

in=l  7f,=l 


M 

7n=il  ^^=l 


.(4) 


which  has  a  corresponding  representation  in  terms  of 
decibels  given  by 


20Elg 


M  N„,, 
in=l  w— 1 


M  N,n 

EE^- 

Tn=l  n=l 


(5) 


Another  unique  property  of  Eq.  (3)  is  the  fact  that 
the  conventional  co-phasal  excitation  [2], 

a„m  =  -kTm  sin  6»o  cos  ( (Po  -  (p,n„ ) ,  (6) 

where  desired  main-beam  steering 

angles,  can  be  applied  at  the  generating  subarray  level. 

To  see  this,  we  recognize  that  the  position  of  the 
main  beam  produced  by  Eq.  (3)  is  independent  of  the 
stage  of  growth  P  (i.e.,  when  0  —  Oq  and  (p  —  (po), 
since  it  corresponds  to  a  value  of  =  0  . 

Consider  some  examples  of  different  recursively 
generated  arrays  discussed  in  detail  in  [1]. 

These  arrays  have  in  common  the  fact  that  that  they 
may  be  constructed  via  a  concentric  circular  ring  su¬ 
barray  generator  of  the  type  considered  in  the  previ¬ 
ous  section.  Hence,  the  mathematical  expressions  that 
describe  the  radiation  patterns  of  these  arrays  are  all 
special  cases  of  Eq.  (3). 


2.  Linear  Arrays 

Suppose  we  consider  the  two-element  concentric  cir¬ 
cular  subarray  generator  with  a  radius  of  r  =  A  /  4  ,  If 
the  excitation-current  amplitudes  for  this  two-element 
generating  subarray  are  assumed  to  be  unity,  then  the 
general  fractal  array  factor  expression  given  in  Eq.  (3) 
will  reduce  to  the  form 

^  p=il7l.=l 

where,  without  loss  of  generality,  we  have  set 
6  =  90°  and 

<pu  =  (n  -  l)7r ,  (8) 


a,.  =  --jcosCi^o  -<Pn)- 


(9) 


Substituting  Eqs.  (8)  and  (9)  into  Eq.  (7)  results  in  a 
simplified  expression  for  the  fractal  array  factor,  given  by 
p 


Pp  i<p)  =  n  *  x(cos(^  -  COS^So  ) 

P=1  ^  ^ 


.(10) 


If  we  choose  an  expansion  factor  equal  to  one  (i.e., 
^  =  1 ),  the  Eq.  (9)  may  be  written  as 


Fp{(p)  =  cos^  ^  ^{cos(p  -  COSCPq) 


.  (11) 


This  represents  the  array  factor  for  a  uniformly 
spaced  (d  =  X/2)  linear  array  with  a  binomial  cur¬ 
rent  distribution,  where  the  total  number  of  elements, 
Np  for  a  given  stage  of  growth,  P ,  is  Np  —  P  -^1, 

The  general  rule  in  the  case  of  overlapping  array 
elements  is  to  replace  each  of  those  elements  by  a 
single  element  that  has  a  total  excitation-current  am¬ 
plitude  equal  to  the  sum  of  all  the  individual  excita¬ 
tion-current  amplitudes. 

For  example,  we  consider  the  case  when  ^  =  3 . 
This  particular  case  results  in  the  family  of  the  triadic 
Cantor  arrays  which  (the  Cantor  sets)  were  considered 
in  [1, 3].  The  total  number  of  elements  in  these  sets  is 
Np  =  3^ ,  and  these  elements  have  equal  excitation- 
current  amplitudes  corresponding  to  uniform 
distributions,  i.e.,  =  1 .  The  resulting  arrays  are 

equally-spaced.  Their  array  factors  have  the  form 

p. 


Fp  (ip)  — 


n 

7J=1 


3^  ^  —  ( cos  cp  —  cos  ipQ  ) 


.(12) 


The  latter  expression  follows  directly  from  Eq.  (11) 
when  5  =  3. 


3.  Planar  Square  Arrays 


Consider  an  example  of  planar  square  arrays  that  can 
be  constructed  using  the  uniformly-excited  four- 
element  circular  subarray  generator  shown  in  Fig.  2. 

The  radius  of  the  circular  array  is  chosen  to  be 
r  =  A  /2V2 ,  in  order  to  ensure  that  the  spacing  be¬ 
tween  the  elements  of  the  circumscribed  square  array 
would  be  a  half-wavelength  (i.e.,  d  =  A/2).  It  can 
be  shown  that  the  general  expression  for  the  fractal 
array  factor  given  in  Eq.  (2)  reduces  to 


El  /Z)  \  ^  TT  ^1  j^sm^cos(v5-v?n )+«»] 

=  j,(13) 

4  p^ln=l 


where  (p^  ={n- 1)| ,  =  -^siii6i)  cos((A)  -  ^Pn )  • 

If  we  define 

A  (0,<p)  =  ^[sin6>cos((^  -^n)- 
-sinOoCosiipQ  -(Pn)], 


y 


Fig.  2.  The  geometry  for  a  four-element  generating 
subarray  with  r  =  A/2V2 
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then  Eq.  (13)  may  be  rewritten  in  the  convenient  form 

^  p  =  l«=l 

where  t/-,,  (^o-'A) )  =  0. 

Consider  the  case  when  ^  =  1 ,  i.e.. 


Fp{e,>p)^ 


\P 


The  resulting  array  is  a  family  of  square  arrays  ob¬ 
tained  with  uniformly  spaced  elements  (d  =  A/2) 
and  binomially  distributed  currents.  For  a  given  stage 
of  growth  P,  the  corresponding  array  will  have  a 
total  of  Np  =  (P  -h  1)^  elements. 

The  radiation  patterns  for  these  arrays  have  no 
sidelobes,  which  is  a  feature  characteristic  of  binomial 
arrays  [4]. 

At  5  =  3 ,  we  get  the  expression  for  the  Sierpinski 
carpet  [1,3].  The  generating  subarray  for  this  Sierpin¬ 
ski  carpet  consists  of  a  uniformly  excited  and  equally 
spaced  (d  —  X /2)  3  x  3  planar  array  with  the  center 
element  removed.  It  may  also  be  represented  by  two 
concentric  four-element  circular  arrays,  i.e., 

.  P  hf  A 


where 


i>7mi  (.0,(p)  =  JrnTT [sine COS {ip  -  (p„,„  )  - 


<Pm„ 


-sm9ocos(ipo  )), 


4.  Other  Types  OF  Planar  Arrays 

4. 1 .  Planar  Triangular  Arrays 
This  tree-element  circular  array  of  radius 
r  =  A  /  2-73  can  also  be  interpreted  as  an  equilateral 
triangular  array,  with  half-wavelength  spacing  on  a 
side.  The  fmctal  array  factor  associated  with  this  tri¬ 
angular  generating  subarray  is 

Fp{e,<p)  =  1  ^  ,(I4) 

^  P=1h=1 

wherey.,,  =(n-l)y,Qi,  =  ~dneooos{^ -<p„) . 

The  second  category  of  triangular  arrays  is  shown 
in  Fig.  3.  This  generating  subarray  consists  of  two 
three-element  concentric  circular  arrays,  with  radii 
n  —  A/2>/3  and  =  A>/3.  The  excitation  current 
amplitudes  on  the  inner  three-element  array  is  twice 
as  large  as  those  on  the  outer  three-element  array.  The 
dimensions  of  this  generating  subarray  were  chosen  in 
such  a  way  that  it  forms  a  non-uniformly  excited  six- 
element  triangular  array  with  half-wavelength  spacing 
between  its  elements  (i.e.,d  =  A/2 ). 


Fig.  3.  The  geometry  for  a  six-element  generating 
subarray 


Expression  for  the  fractal  array  factor  in  this  case 
may  be  expressed  as 

Fp  {0,(p)  — 

p  2  3 

=  _L  jQ  ^ 

^  p-l  m=l  n=l 


where  I,„,  =2/m,  kr„,  =(2?i  +  m-3)|, 

Q„„,  =  -kr,„  sin 00  cos(v?o  -  <p,„„ ),  or 


p  2  3 


p=l  i;i=l  71=1 


if 


ip„m  (0,<p)  =  -^[sin^cosCy)  -  (p,„„  )  - 

-sin0ucos(v3o  -ip,,,,,)]. 

These  arrays  have  non-uniform  current  distribu¬ 
tions,  therefore,  low-sidelobe  level  arrays  can  be  ob¬ 
tained.  Thus,  the  sidelobe  level  of  -20  dB  can  be 
reached  at  large  P . 


4.2.  Hexagonal  Arrays 

These  arrays  are  becoming  increasingly  popular,  es¬ 
pecially  for  their  applications  in  the  area  of  wireless 
communications.  The  standard  hexagonal  arrays  are 
formed  by  placing  elements  in  an  equilateral  triangu¬ 
lar  grid  with  spacing  of  d  =  A/2 .  The  resulting  ex¬ 
pression  for  the  array  factor,  in  the  normalized  form, 
is  given  by 

Fp(0,(p)  = 

P  M  N 

'.+nEEv.. 

__  _ y  =  l  T?l  =  l  71  =  1 _  9 

P  M  N~ 

+  n  £ 

J)  =  \  7/1  =  1  «=1 

where  r^,,,  =  +  (m  -  I)'-*  -  p(m  -  1), 


^pinn 


-1 


rp,„  +  <fp^{m  -  1)'^ 


2r„„,dp 


nTT 


222  International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukrame 


Methods  for  Mathematical  Modeling  of  Fractal  Antenna  Arrays 


aj  b) 


c)  d) 


e)  f) 

Fig.  4.  Radiation  patterns  for  the  triangular  antenna 
subarray  with  uniformly  distributed  currents 
(a,  c,  e)  and  with  currents  distributed  by  the 
law  (0,(p)  =  up(^),  P  =  3,  ^  =  2 

^pmn  ”  ^0  (  ^0  ^pmn  )  ? 

and  P  is  the  number  of  concentric  hexagons  in  the 
array.  Hence,  the  total  number  of  elements  contained 
in  an  array  with  P  hexagons  is 
Np  =  3P(P  +  1)  +  1. 

Hexagonal  arrays  have  some  elements  missing,  i.e., 
they  are  thinning.  This  is  a  potential  advantage  from  the 
design  point  of  view,  since  they  may  be  realized  with 
fewer  elements.  Another  advantage  of  these  arrays  is 
that  they  possess  low  sidelobe  levels  at  ^  =  90  Fi¬ 
nally,  it  should  be  noted  that  the  compact  product  form 
of  the  array  factor  for  some  particular  cases.  This  offers 
a  significant  advantage  in  terms  of  computational  effi¬ 
ciency,  especially  for  large  arrays,  and  may  be  ex¬ 
ploited  to  develop  rapid  beam-forming  algorithms. 

5.  Fractal  Subarrays  with  Non- 
Uniformly  Distributed  Currents. 
Atomic  Functions. 

Another  way  for  decreasing  sidelobe  levels  is  the  use 
of  non-uniform  amplitude  distributions.  Here,  in  most 
cases,  we  cannot  apply  effective  computational  algo¬ 
rithms  developed  by  using  ideas  of  fractal  geometry. 


Table  1.  Main  parameters  of  antenna  arrays 


Current 

distribution 

Main  lobe 
width  at 
the  3  dB 
level 

Sidelobe 
level,  dB 

Directivity, 

dB 

Ring  array  (P  =  3,  6  —  2) 

Uniform 

13.2 

-25.6 

61.85 

upcxy 

13.5 

-32.2 

63.17 

Triangular  array  (  F  =  3,  ^  =  2  ) 

Uniform 

14 

-11.75 

54.7 

upixy 

16 

-17.61 

59.8 

Triangular  array  (2nd  variant)  (P  =  3,  ^  =  2) 

Uniform 

S.l 

-16.7 

74.05 

upcx^ 

5.72 

-16.9 

77.56 

However,  using  some  types  of  distributions,  we  can 
combine  both  approaches. 

We  shall  use  atomic  functions  for  forming  current 
distributions  Ij^n  >  these  functions,  namely, 
up(a:>  up„/(a;),  ,  and  were  efficient 

in  the  design  of  planar  antenna  arrays  [3].  All  of  them 
are  the  solutions  to  functional-differential  equations 
but  they  can  easily  be  evaluated  by  using  fast  iterative 
algorithms  [5]. 

Consider  some  examples.  Evaluations  were  carried 
out  according  to  formulas  (2)-(6),  (7),  and  (13)~(15) 
for  fractal  subarrays  with  different  geometry.  Let 

(^,(^)  =  up(e0) .  Using  the  non-uniform  cur¬ 
rent  distribution,  we  complicate  the  algorithm  but 
significantly  decrease  the  sidelobe  level  (from  -12  dB 
to  -17  dB).  Here,  the  main  lobe  width  widens.  Chang¬ 
ing  the  parameter  e ,  one  can  obtain  a  variety  of 
intermediate  results. 
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Abstract 

The  method  for  approximation  by  atomic  functions  of  a  two-dimensiona!  antenna 
aperture  current  amplitude  distribution  is  proposed. 

Keywords:  antenna  arrays:  antenna  theory;  antenna  radiation  patterns;  low-sidelobe 
antennas;  atomic  functions;  circular  subarray;  linear  array. 


1.  Introduction 

According  to  we  shall  present  a  method  for 

tw'o-dimensional  antenna  aperture  current  amplitude 
approximation  by  atomic  functions  (AFs). 


•  Ratio  between  the  curve  steepness  in  the  center  of 
the  beam  and  the  slope  of  a  linear  odd  amplitude 
distribution 


2.  Main  Physical  Parameters  of  an 
Antenna 

The  following  physical  parameters  were  used  in  the 
numerical  experiment  [3,4]: 

•  Radiation  pattern  maximum 

1/2 

=  ^(0)  -  ^  /  g{x^)dx*  \ 

-1/2 

•  Total  radiated  power 

oc  ti/2 

Prod  =  j \F  du  =  j  dx-, 

-OC  -u/2 

•  Aperture  efficiency 


Vt  = 


ii^„ 


1/2 

J  g(x')dx' 
-1/2 


1/2 


J\F{u')fdu'  r  \g[x')fdx' 
-1/2 

Noise  beam  width  (radians) 


A  J  du/ 

-oc _ A 


<^\F,„f 

Noise  aperture  width  (in  units  of  coordinate  x ) 

dx' 


OJu  = 


/\}2 


Fig.  1.  Two-dimensiona]  current  amplitude  distribu¬ 
tion  fiip4  <a:>  •  fup4  (?/) 


Fig.  2.  Radiation  pattern  corresponding  to  the  dis¬ 
tribution  shown  on  Fig.  1 


0-7803-7881-4/03/$17.00  ©2003  IEEE. 


The  Method  for  Approximation  of  a  Two-Dimensional  Field  Distribution  by  Atomic  Functions 


1/2  A  1/2  iy2 

Kr  =  y/T2  J  x' ‘  g{x')dx^  /  J \g{x^)f  dx^  ; 

»l/2  /  [-1/2 

•  The  first  sidelobe  level  of  the  RP  (dB); 

Let  us  compare  two-dimensional  amplitude  distri¬ 
butions  of  Kravchenko  in  the  antenna  aperture  [4] 
with  the  following  classical  amplitude  distributions: 

•  the  cosine  distribution 

Gji  ( a:, )  =  cos^^  < Tra: ) cos”  (iry); 


-6  -4  -2  0  2  4  6 


Fig.  3.  RP  corresponding  to  the  Kravchenko-Bessel 
amplitude  distribution  (fup^x)  J^ax:^) 


On - - 

-  ‘  ! 
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ZZ 
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^AAAa 

(1 

W 

ij  1}  1 

.on  1 f  1  1 _ 

TT' 

j 

-OO'J-1 — ^ - 

zr;: 

Fig.  4.  RP  corresponding  to  the  Kravchenko-Bemstein 
amplitude  distribution  (  fup2  c  a: )  br  ( a; ) ) 


•  the  truncated  Gaussian  distribution 

(a:)  =  exp|— l,382^n  a?  yj  j; 

•  the  Taylor  even  distribution  with  the  first  sidelobe 
levels  equal  to  20,  -25,  -30,  -35,  -40,  and  -45  dB. 

3.  Comparison  OF  THE  Classical  Two- 
Dimensional  Amplitude 
Distributions  with  the  Kravchenko 
Amplitude  Distributions 

3.1.  Two-Dimensional  Cosine 
DISTRIBUTIONS  AND  KRAVCHENKO 

Distributions. 

Results  of  numerical  experiments  show  that  the  new 
Kravchenko  distributions  exceed  known  ones  with 
respect  to  main  parameters.  At  comparable  sidelobe 
levels,  they  possess  better  values  of  aperture  effi¬ 
ciency  and  greater  RP  maximums.  The  sidelobe  level 
of  the  RP  generated  by  the  Kravchenko-Bessel  func¬ 
tion  fup2  <a;)  Jo  ^a;)fup2  (y)  Jo  (2/)  is  -46  dB  and 
corresponding  aperture  efficiency  is  equal  to  0.41;  the 
two-dimensional  distribution  cos^  (  ttx  )  cos^  ( Try ) 
forms  the  RP  with  sidelobe  level  -47  dB  and  aperture 
efficiency  equals  0.26.  Analogous  physical  situation  is 
observed  for  other  new  distributions. 

The  RP  maximum  for  the  Kravchenko-Bemstein 
distribution  fup2  ( a; >  br  < a; ) fup2  (y)  hr  (y)  equals 
0.25  at  the  sidelobe  level  -38  dB;  the  RP  for  the  dis¬ 
tribution  cos^  ( TTX )  cos^  ( Try )  has  maximum  0.07  at 
the  sidelobe  level  -47  dB. 

3.2.  Two-Dimensional  Gaussian 
Distributions  and  Kravchenko 
Distributions. 

Numerical  experiments  and  analysis  of  physical  results 
showed  that  the  new  Kravchenko  distributions  do  not  con¬ 
cede  known  ones  with  respect  to  main  parameters.  They 
possess  the  same  or  even  more  radiated  power  at  the  analo¬ 
gous  level  of  die  first  sidelobe.  For  instance,  the 
Kravchenko  distribution  fup4  (a;)br  (a:)fup4  {y)hT{y) 
RP  has  maximum  0.21  at  the  sidelobe  level  -54  dB.  At  the 


-6  .4  -2  0  2  4  6 


Fig.  5.  RP  corresponding  to  the  Kravchenko-Bemstein  Fig.  6.  RP  corresponding  to  the  Kravchenko-Bessel 
amplitude  distribution  (fup^c.i)  brc.^))  amplitude  distribution  (fup'^c a)  Jqcx:^) 
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same  time,  tiie  RP  of  tiie  distribution  G3  2  <■  x )  2  ( 2/ )  has 

flie  first  sidelobe  level  -46  dB  and  the  same  value  of  the  RP 
maximum. 

The  Kravchenko  distribution 

fup2  (x)  Jq  ^3:)fup2  (y)  Jo  (2/)  RP  maximum  is 
0.23  and  the  first  sidelobe  level  is  -45  dB. 

3.3.  Two-Dimensional  Taylor 
Distributions  and  Kravchenko 
Distributions. 

Taylor  [5]  proposed  a  new  class  of  current  distributions 
in  a  linear  radiator,  widely  used  in  antenna  theory.  The 
essence  of  these  distributions  is  in  the  fact  that  they 
generate  RPs  with  equal  sidelobe  levels  and  main  lobe 
having  the  least  possible  width  from  all  equiphase  aper¬ 
ture  distributions.  It  should  be  noted  that,  unlike  the 
Kravchenko  amplitude  distributions  based  on  AFs,  the 
Taylor  expressions  are  heuristic.  Considering  parame¬ 
ters  of  the  Taylor  two-dimensional  field  distributions, 
one  can  note  that  they  possess  sufficient  RP  maximums 
at  the  given  sidelobe  level  and  the  Kravchenko  distribu¬ 
tions  are  close  to  them  with  respect  to  physical  parame¬ 
ters.  However,  the  latter  are  more  convenient  in 
engineering  computations. 

For  example,  the  RP  corresponding  to  the  distribution 
( fup4  < X ) J5  ( a; ) fup5  {y)Jl{y))  has  the  sidelobe 
level  -37  dB,  i.e.,  significantly  greater  than  that  of  the 
similar  Taylor  distribution  ( <  a: )  Tar,  ( ?/ ) ).  At  the 
same  time,  the  new  distribution  RP  maximum  is 
0.29  and  the  Taylor  distribution  generates  a  RP  with 
maximum  0.36.  The  Kravchenko-Bessel  distributions 
{fup4  cx>  Jo  (x)fup4  (y)  Jo  {y))  form  a  RP  with  the 
sidelobe  level  44  dB  and  maximum  0.25.  Corresponding 
values  for  the  Taylor  distribution  Tj^^(.xyT^^{y)  are- 
45  dB  and  0.29,  respectively.  The  total  radiated  power  of 
the  Kravchenko  distribution  E3CX)E3(^)  at  the 
sidelobe  level  -45  dB  is  0.22  against  0. 1 5  of  the  distribu¬ 
tion  T4r,  cx)T4r,  (y ) . 

4.  Conclusion 

Physical  analysis  of  numerical  experiments  showed 
that  the  new  method  of  approximation  based  on  am¬ 
plitude  distributions  of  Kravchenko  is  efficient  and 
reliable.  It  is  not  worse  than  techniques  based  on  the 
classical  distributions  and  even  exceeds  them  with 
respect  to  some  parameters.  Such  an  approach  is  of 
definite  theoretical  and  practical  interest  for  computa¬ 
tion  of  the  aperture  current  distribution  and  for  syn¬ 
thesis  of  antennas  by  their  given  RPs. 
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Abstract 

The  paper  presents  a  mode  matching  solution  for  a  hybrid-mode  dielectric-loaded 
coaxial  horn,  which  is  a  generalized  structure  for  axially  symmetrical  types  of  feeds 
such  as  smooth-wall  horns,  corrugated  horns,  disc-o-cone  antennas  and  partially  di- 
electric-loaded  horns. 

Keywords:  non-uniform  dielectric  loaded  coaxial  horn,  hybrid-mode  feeds,  mode¬ 
matching  technique  analysis. 


1.  Introduction 

In  radioelectronic  systems  with  polarization  signal 
processing,  in  particular,  in  satellite  telecommunica¬ 
tion  systems  with  polarization  diversity  corrugated 
horn  are  widely  used.  They  differ  from  smooth  horns 
by  low  level  crosspolar  radiation  and  low  sidlobes 
[1,2].  However  corrugated  horns  are  limited  to  a  con¬ 
tinuous  bandwidth  performance  of  2.4:1  [2],  because 
of  presence  of  the  fixed  geometrical  periodicity  of 
corrugations.  Moreover  corrugated  horns  are  techno¬ 
logically  complex  and  expensive. 

An  alternative  to  corrugated  horns  can  be  smooth- 
wall  horn  with  non-uniform  (partially)  dielectric  fill¬ 
ing.  It  allows  to  expand  considerably  an  operating 
bandwidth  due  to  absence  of  resonant  elements  inside 
the  structure,  e.g.  in  [3]  a  bandwidth  ratio  30:1  was 
achieved.  Besides  partially  dielectric  horns  are  tech¬ 
nologically  much  more  simple  and  cheap.  A  level  of 
crosspolarization  that  provide  dielectric-loaded  horns 
are  the  same  or  even  better  in  a  wide  bandwidth  in 
comparison  with  comigated  horns.  Besides  horns 
without  corrugations  can  be  simply  made  profiled 
with  smaller  longitudinal  size  without  essential  dete¬ 
rioration  of  their  characteristics.  Certainly  all  these 
advantages  in  a  near  future  will  result  in  increase  of 
popularity  of  dielectric- loaded  horn  as  feeds  for  re¬ 
flector  antennas. 

In  this  work  a  generalized  horn  with  two  dielectric 
layers  and  metal  inner  conductor  is  analyzed.  Chang¬ 
ing  a  profile  and  sizes  of  the  horns  and  dielectric  and 
an  inner  conductor  it  is  possible  to  obtain  a  great 
number  of  particular  horn  structures,  including  all 
known  types  of  corrugated  horns,  disc-o-cones,  pro¬ 
filed  horns  and  horns  without  a  central  conductors. 
Thus  the  obtained  solution  and  algorithm  are  suitable 
for  analysis  of  all  these  horn  antennas. 


2.  Full  Wave  Solution,  Numerical 
AND  Experimental  Results 

Geometiy  of  the  coaxial  horn  under  analysis  is  shown 
in  Fig.  1. 

The  horn  has  exterior  and  interior  conductors  and 
also  two  dielectric  layers.  Let’s  use  a  letter  e  (exte¬ 
rior)  for  designation  of  the  exterior  dielectric  layer, 
and  letter  i  (inferior)  to  denote  the  exterior  layer. 

To  obtain  a  solution  of  propagation  problem  the 
mode  matching  technique  [4]  is  used.  According  to 
this  method  a  horn  is  divided  into  a  great  number  of 
short  cylindrical  sections  with  small  increment  steps. 
Further  at  each  of  junction  of  the  sections,  a  scattering 
problem  is  to  be  solved.  In  a  result  a  generalized  scat¬ 
tering  block  matrix  of  the  junction  is  calculated.  The 
final  stage  of  the  method  is  a  procedure  of  progres¬ 
sively  cascading  the  obtained  generalized  scattering 
matrices  of  all  junctions  and  short  regular  waveguides 
in  order  to  obtain  the  overall  generalized  scattering 
matrix  of  the  structure,  which  allows  to  calculate  dis¬ 
tribution  of  a  transverse  field  at  the  horn  aperture  and 
a  reflected  field  in  the  horn  input. 


Fig.  1.  Profiled  partially  dielectric-loaded  coaxial  horn 
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The  matching  of  modes  occurs  at  each  junction  of 
any  two  sections  of  regular  waveguides  and  consists 
in  the  condition  of  a  continuity  of  transverse  compo¬ 
nents  of  fields  at  the  junction.  Fixing  this  condition, 
we  present  transverse  field  at  the  junction  of  two  sec¬ 
tions  by  a  sum  of  own  functions  of  the  left  and  right 
sections  and  then  we  find  a  matrix  that  determines 
unknown  coefficients  in  both  sections,  that  is  the  gen¬ 
eralized  scattering  matrix. 

In  order  to  determine  modes  that  can  propagate  in 
sections  of  dielectric-loaded  cylindrical  coaxial 
waveguides  it  is  necessary  to  solve  the  Maxwell  equa¬ 
tions  with  proper  boundary  conditions  at  all  bounda¬ 
ries  of  the  media. 

Let’s  denote  the  radius  of  an  interior  conductor  by 
letter  a,,  exterior  conductor  a^,  a  radius  of  the 
boundary  of  the  layers  ~  a ,  parameters  of  the  interior 
dielectric  layer  -  ^ ,  the  exterior  layer  -  . 

As  one  can  see  in  Fig,  2  three  radial  discontinuities 
(boundaries  1,2,3)  provide  two  areas  in  the 
waveguide,  where  the  modes  can  propagate. 

In  a  result,  we  find  the  following  expressions  for  all 
components  of  the  modes  in  both  dielectric  layers: 

=  (Cif  +  I)ify„(p,,r))cosm9  *  6^^% 

=  i^uJm{Px,er)  -f  sin 

^  r  )  "b  D  7rt(p  ))  “b 


+  ^  COSn.  ip 

+  Dl;:Y„,{p,,r))  + 

Pi,e  ^  ' 

“b^/^,<7Pi,f  “b  ^ih  b7»(pt,pr')  C  sill  771^ 

+  D!!:Y,„iPi,r))  + 

Pue  ' 

+7ft,e  ( ^hJUp.A)  +  Bl;'Y,'„{pi,.r))]  ■  sinmip 
Pi,e 

+^(^rJ,Mer)  +  BI;:Y,„(pX)\<^~^'  oosmp 


pie.  =  kl,  +  7* 


KtJmiPxO)  +  KY,n{PiO)  =  knJmiPeO)  +  KY„,{p^a)  , 
^(^(c;;,j,„(p.a)  +  DlXniPfi))  + 

+  ^PiP,  {MXiiPi^)  +  BixUPi*^)))  = 

=  +  DXM)  + 

Pe.^ 

-j-  UaJP^qP^  m^Pe^  BuXvii.Pe^')^^ 

■^{u  eiPi  {C'„,Jfi,{P:0)  *  B'Xipfi))  . 

.  i^(Ai„J„Xp,a) ,  S’.y„,(p,a))). 

1  “  '  (3) 

“  ^  ePe\^m^ftt^Pe^  *  BjnYifti.Pe^')')  * 

Pe 

*  (a  „i(pe«  )  + 

The  equation  system  (3)  concerning  unknown  coeffi¬ 
cients  ,i^]n  is  a  system  of  eight  linear 

homogeneous  equations  with  eight  unknowns.  Such  a 
system  has  an  untrivial  solution  in  the  only  one  case 
when  the  determinant  of  the  system  is  equal  zero.  This 
condition  gives  dispersion  equation  of  the  structure  that 
must  be  solved  concerning  propagation  constant  7  . 

The  last  two  equations  in  (3)  give  coupling  between 
the  pairs  of  coefficients  C];^  ,b];^  and  there¬ 

fore  coefficients  of  longitudinal  components  EY  and 

HY  are  dependent.  It  means  that  modes  are  hybrid 
that  is  the  mode  has  simultaneously  all  six  components 
of  an  electromagnetic  field.  In  the  case  m  =  0  the 
mode  breaks  up  in  two  modes:  E-  and  H-  mode. 

However  it  is  obvious,  that  not  taking  into  account 
decomposition  of  a  hybrid  mode  into  two  independent 
modes  it  is  possible  to  use  the  system  of  equations  (3) 
for  calculation  the  propagation  constant  7  and  the 

coefficients  A!;;YBY  in  the  case  m.  =  0. 

The  obtained  dispersion  equation  is  transcendental. 
It  has  infinite  number  of  solutions,  which  corresponds 
to  infinite  number  of  modes  from  the  spectrum  of  the 
own  modes  of  the  waveguide  under  consideration. 

It  should  be  noted  that  except  7  the  p,  and  p^  are 
variables  in  the  dispersion  equation,  the  latter’s  being 


Ke  =  uJyfe~^,  (2) 


Using  boundary  conditions,  we  obtain  the  system 
of  equations,  that  describes  modes  propagation  in  the 
partially  dielectric-loaded  coaxial  waveguide: 

"b  /);„y,„(p,Uj)  =  0 

C]nJm{PtO)  +  b]Xn{PiO)  =  +  A;y,„(p,a) 

"b  Bj„Yf,YptO>i)  =  0 

kiJmiPeCic)  +  Kyl{Pe(le)  =  0 


Fig.  2.  Two  dielectric-layer  coaxial  waveguide 
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unequivocally  related  with  7 

pie  =  l^i,e  +  7^  ,  •  (4) 

Speaking  in  another  way  at  a  fixed  frequency  and 
parameters  of  dielectrics  to  every  7  corresponds  the 
only  values  of  Pi  and  .  With  identical  success  it  is 
possible  to  solve  the  dispersion  equation  both  rather 
p^  in  a  case  Sipii  >  Sefi^  (dielectric  rod)  and  rather 
Pe  in  a  case  <  Sefie  (dielectric  cartridge).  Then 
the  following  ratios  take  place: 

•  Case  £ipii  >  £ePe  • 


Ve  ^  +  A'  i 


Ipf 


•  Case  SiPi  <  SePe  ‘ 


On  calculated  values  pi  or  p^  (in  a  result  of  the 
numerical  solutions  of  the  dispersion  equation)  we 
determine  the  propagation  constant  7  of  a  separate 
mode  in  the  dielectric-loaded  coaxial  waveguide. 
Then  we  determine  the  coefficients 

from  the  system  of  equations  (3), 
In  such  a  way,  all  unknowns  are  calculated.  It 
means  that  vector  functions  of  electromagnetic  fields 
in  the  coaxial  waveguide  with  two  dielectric  layers  are 
determined. 

Further  following  the  mode  matching  method  [4] 
we  shall  obtain  a  system  of  equations,  that  is  a  solu¬ 
tion  of  the  scattering  problem  for  ^ 

junction  of  two  sections  of  partially  dielectric-loaded 
coaxial  waveguides: 


5  =  5A  ,  (7) 

where 


S 


is  a  generalized  scattering  matrix  with  elements 

fn  =  (I  +  (I  - 

fi2  + 


where  ,  B^  are  vectors  of  the  size  M ,  that  con¬ 
tain  the  unknown  coefficients  forward  )  and 

reflected  modes  in  the  section  I.  Simi¬ 


larly,  A^^ ,  B^^  are  vectors  of  the  size  N ,  containing 
unknown  coefficient  of  forward  [Ai^...Aj}),  and 

reflected  [Bl^.,,Bjj  )  modes  in  the  section  II.  P  is  a 

matrix  of  the  size  N  x  M ,  Q  is  a  diagonal  matrix  of 

the  size  N  x  N  ,  R  is  a  diagonal  matrix  of  the  size 
M  X  M .  The  elements  of  these  matrices  are  deter¬ 
mined  by  the  formulas  [4]: 


P  =r 
■*  inn 

^  hjj  •  dSj 

s 

Qnn  ~ 

fen  X  hll  •  ds; 

s 

^nm 

f  4  X  ^li  • 

5 


where  el ,  hi  are  own  functions  of  transverse  electric 
and  magnetic  fields  of  a  mode  with  a  radial  index  m 
accordingly.  Finally  the  integral  (10)  are  reduced  to 
the  double  LommePs  integrals  that  have  been  inte¬ 
grated  analytically. 

Final  expressions  for  P ,  Q ,  R  are  not  presented 
here  because  they  are  guite  cumbersome. 

To  receive  the  overall  scatterings  matrix  5®  of  the 
horn  it  is  necessary  to  cascade  progressively  scattering 
matrices  of  junctions  between  sections  and  the  selec¬ 
tions  of  regular. 

The  regular  waveguides 

(11) 

Voltage  standing  wave  ratio  for  a  stimulating  mode  is: 

VSWR  =  20logBl^.  (12) 

Transverse  fields  at  the  aperture  of  the  horn  are: 

No 

E?  =  Y^BSe^,  (13) 

11=1 

H?=^B%^.  (14) 

n=l 

Then  coefficients  of  reflected  modes  at  the  input  of 
the  horn  and  forward  modes  at  the  output  of  the  horn 
are  defined  by  the  formulas: 

W  =  (15). 

The  field  at  the  aperture  of  the  horn  is  a  sum  of 
fields  of  modes  with  known  amplitudes  in  the  last 
waveguide  sections.  Besides  each  mode  is  determined 
in  two  dielectric  layers.  Therefore  applying  a  principle 
of  a  superposition  it  is  possible  to  calculate  a  field  in  a 
far  zone  as  a  linear  combinations  of  fields  that  are  cre¬ 
ated  separately  by  each  mode  in  each  medium,  that  is: 
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E’ri  cos($  -  tp)  +  JS”,  sin($  -  (p)]  x 


-tA'rsin  Bcofi{^—\p) 


rdrd^ 


-III  cos(^  -  ^)  +  E^f,  sin(^  “  ^)]  x 


o-tAT? 


^  f  f  [“-^ri  cos(<3>  -  vp)  +  E”i  sin(#  -  9)]  x 

0  fl,  ( 

X  e’*'’  ''*"®  “’‘('^-'f)rrfrdip  + 
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where  is  a  coefficient  of  a  mode  n  in  thelast  sec- 

tion  of  the  hom. 

We  have  carried  out  the  analytical  integration  and 
the  following  formulas  for  components  of  the  radiated 
field  in  the  far  zone  have  been  obtained 

^9  = - - - cosm<p  X 

K 

KEi  •  A;^  (p,  kr  sin  9,z)  + 

+  KE2  •  A^;'^  {p,h' sin  6,  z)  + 

X  ^ 

+  KE-^  ■  Aif  {p,kr  sin  9,  z)  + 

+  KE^  •  Ajy  {p,krsm9,z) 

^  nj 

= - 5 - sinmT  •  cos9  x 

H 

'  KE^  ■  A'l;/ {p,kr  sin  0,z)+  ] 

+  KEi  ■  A\,'/ {p,kr sine, z)  -f- 

X 

-I-  KE-f  ■  Ai^’ (p,kr sine, z)  + 

-f-  KE^  ■  A]^,"' {p,kr sine, z) 


where  A,„  are  the  double  Lommel’s  integrals. 

As  an  example  the  results  of  calculations  (dotted 
curve)  and  measurements  (continuous  curve)  of  radia¬ 
tion  pattern  of  a  model  of  the  partially  dielectric- 


Fig.  3.  Radiation  pattern  of  the  partially  dielectric- 
loaded  coaxial  hom 


loaded  coaxial  hom  with  semi-flare  angle  34°  at  fre¬ 
quency  6  GHz  are  compared  in  Fig.  3 

A  divergence  between  the  theoretical  and  experi¬ 
mental  results  are  explained  by  using  Fourier  Trans¬ 
form  for  calculation  of  the  far  field  of  the  wide  flare 
angle  hom  and  an  aproximate  value  of  dielectric  per¬ 
meability  of  the  used  dielectric  material. 

3.  Conclusion 

We  have  carried  out  the  full-wave  analysis  of  the  di¬ 
electric  -  loaded  hybrid  mode  coaxial  hom  using 
mode-matching  technique.  The  obtained  generalized 
solution  includes  the  whole  of  known  solutions  for 
axially  symmetric  horns  and  is  particularly  aimed  for 
research  and  development  of  ultra-wideband  hybrid  - 
mode  feeds  for  advanced  reflector  antennas. 
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Abstract 

The  paper  presents  results  of  synthesis,  design,  development,  manufacturing  and 
testing  prototypes  of  1.2  m,  1.8  m  and  2.4  m  Gregorian  shaped  offset  dual-reflector 
antennas  with  low  crosspolar  radiation  for  VSAT  applications. 

Keywords:  VSAT  antennas,  offset-fed  Gregorian  antennas,  spherical  wave 
analysisintroduction. 


In  the  recent  years  corporate  VSAT  networks  have 
become  one  of  the  most  dynamically  developing 
branches  of  satellite  communication  systems.  A  key 
constituent  part  of  any  VSAT  earth  station  is  an  an¬ 
tenna.  In  order  to  be  suitable  for  application  in  VSAT 
networks  an  antenna  has  to  meet  the  stringent  CCIR 
requirements  on  crosspolar  radiation  level,  i.e.,  cross- 
polar  radiation  level  in  ~1  dB  contour  in  copular  ra¬ 
diation  main  lobe  must  be  less  than  -35  dB  and  the 
side  lobe  envelope  must  be  lower  of  that  one  required 
by  CCIR  to  transmitting  earth  station  antennas.  For 
VSAT  application  offset  reflector  antennas  are  more 
attractive  than  axially  symmetrical  reflector  antennas 
because  of  their  capability  to  obtain  lower  side  lobes, 
higher  efficiency  and  absense  of  de-icing  problem. 
The  only  disadvantage  of  offset  antennas  is  the  higher 
level  of  crosspolar  radiation.  But  properly  optimized 
Gregory  type  offset  dual-reflector  antennas  allow  to 
obtain  the  low  level  of  crosspolar  radiation  that  meets 
CCIT  requiments  to  earth  stations  antennas. 

In  this  paper  a  new  approach  to  fast  and  accurate 
synthesis  of  offset  dual-reflector  antennas  is  consid¬ 
ered.  Results  of  synthesis,  design,  manufacturing  and 
testing  the  1.2  m,  1.8  m  and  2.4  m  prototype  antennas 
for  VSAT  application  are  presented. 

1.  Outline  of  Analysis  and  Synthesis 

Synthesis  of  Gregorian  shaped  offset  dual-reflector 
antennas  (Fig.  1)  has  been  carried  out  using  the  novel 
efficient  iterative  method  of  synthesis  [1,2]  that  could 
be  called  “false  objectives  method”.  There  are  three 
constituent  key  points  of  this  method  of  synthesis  that 
determine  its  extremely  fast  convergence  and  accu¬ 
racy:  1)  the  idea  and  the  way  of  generating  false  ob¬ 
jectives;  2)  using  a  fast  reliable  approximate  analytical 
or  numerical  method  of  synthesis;  3)  using  an  accu¬ 


rate  analysis.  The  first  point  is  given  in  detail  in  [1,2]. 
The  approximate  synthesis  of  the  offset  dual-reflector 
antenna  under  consideration  we  have  carried  out  using 
the  solution  of  the  geometrical  optics  fist-order  partial 
differential  equations  [3]. 

Accurate  analysis  of  the  offset  dual-reflector  an¬ 
tenna  has  been  carried  out  as  follows: 

•  Feed  horn  analysis  using  Mode  Matching  Tech¬ 
nique  [4].  To  calculate  the  radiation  fields  of  the  horn 
at  an  arbitrary  distance  from  the  source,  we  have  used 
the  method  of  expansion  into  spherical  waves  [5] 

E{r^6,ip)  =  — rhe  Fhe  ne  , 

m  o”"”  a™' 

k 

H{r^6^ip)  =  — yjyjae  no  be  fho  . 

The  functions  me  and  ne  represent  the 


Fig,  1.  Geometry  of  Gregory  offset  dual-reflector 
antenna. 
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spherical  wave  solutions  of  the  Maxwell  equation  in 
the  form: 

/,  v»n/>,”'(cos(9)Ein  ^ 

m.  =  (kr)  — V- „  ^  rtvp^  - 

SHIP  COS  ^ 


(^)  ^  Pn"  (cos  e)  m(p{, , 

Id  d  sin  ^ 

^  kr  5r  1  ihTe  sin 

where  we  assume  the  time-dependent  relation  of 
exp(;a;<),  (r,  0,  (p)  arc  spherical  coordinates, 
z,,{kr)  is  any  solution  to  the  Bessel  equation, 
P,;"(cos0)  is  the  associated  Legendre  function  while 

the  indices  e  and  o  denote  selection  of  the  depend¬ 
ence  sin  or  cos{p , 

•  Calculation  of  the  spherical  wave  expansion  coef 
ficients  for  the  electromagnetic  field  at  the  horn  aper¬ 
ture.  The  coefficients  ae  and  be  for  the  horn 

o””' 

radiation  field  are  obtained  with  the  aid  of  orthogonal¬ 
ity  of  the  spherical  wave  functions  ihe  and  ne 

^mn  ^mn 

and  previously  calculated  fields  at  the  horn 

aperture  (1): 


hwu 

Oe  = 

mv  27„„, 


j'”'  27,1 


i  C  ^  h  -*  -* 

-  -7^  xH„+-: — ^  xEa  dS, 

JWp  ^vm 

“  f  —ne  XHq  - - fhe  X  Ea  dS. 


where  is  the  aperture  surface  while 
.  n(n  +  l) 

=  ^'-STTF’ 

2n -f- 1  (n-m)! 

Due  to  analytical  integration  with  respect  to  azi¬ 
muth  in  the  cylindrical  system  of  coordinates,  we 
have  reduced  the  surface  integrals  (2)  to  linear  inte¬ 
grals  of  the  products  of  the  Bessel  functions  and 
their  derivatives  over  radius  for  each  waveguide 
mode  at  the  horn  aperture. 

•  Calculation  of  the  currents  at  the  subreflector  sur¬ 
face  induced  by  the  feed  horn  field  using  physical 
optics  (PO)  approach,  which  is  an  approximation  that 
expresses  at  any  point  on  the  reflector  in  terms  of 


Table.  1. 

^Tm  jp  =11.95  GHz 
1.2  m  42.1  dB 

1.8  m  45JdB 

iJm  48.3  dB 


P  =14.125  GHz 
43.5  dB 
47.3  dB 
49.7  dB 


the  incident  magnetic  field  intensity  at  that  point. 
Specifically,  it  is  assumed  that 

J,  =  2u„  X  H,  (3) 

where  u„  is  the  unit  normal  to  S .  Note,  if  the  radius 
of  curvature  is  large  in  terms  of  wavelength,  equation 
(3)  is  very  accurate  except  near  the  edges  and  in  the 
shadow  zone. 

•  Calculation  of  the  fields  near  the  main  reflector 
surface  by  PO  method  using  subreflector  currents. 
Note,  if  the  source  consists  of  simply  an  induced  cur¬ 
rent  density  on  a  perfectly  conducting  surface  S , 
and  the  surface  current  density  J.,  is  known  at  every 
point  on  the  reflector  surface  S ,  the  scattered  field  in 
both  near  and  far-field  zones  can  be  calculated  as  [5] 

E.,  =  -- [( Js  •  V)  V  +  ]  GdS  ,  (4) 

which  is  exact  and  valid  at  all  points  in  space  exterior 
to  the  source  region  (on  the  actual  sources  the  Green’s 
function  G  has  a  singularity). 

•  Calculation  of  the  currents  on  the  main  reflector 
surface  induced  by  the  subreflector  field  using  (3). 

•  Calculation  of  the  far-field  of  the  main  reflector 
by  PO  method.  In  far-field  region,  along  the  direction 

,  equation  (4)  simplifies  to 

r.  ^ 

= - - - (I-U;.U;.)® 

we  Anr  '  ^  (5) 

•fs  J.  (r')exp(^r'  •  u^. )  dS, 
where  I  is  the  unit  dyadic. 

•  Calculation  of  the  far-field  radiation  pattern  of  the 
offset  dual-reflector  antenna  by  superposition  the  ra¬ 
diated  fields  of  the  main  reflector,  subreflector  and 
feed  horn. 

2.  Results 

Theoretical  gains  of  the  synthesized  Gregorian  shaped 
offset  dual-reflector  antennas  with  equivalent  diame¬ 
ters  1 .2,  1 .8  and  2.4  m  are  presented  in  Tab.  1 . 

Theoretical  crosspolar  radiation  levels  in  -IdB  con¬ 
tour  for  the  antennas  are  presented  in  Tab.  2. 


Table.  2. 


D ,  m 

F  =11.95  GHz 

1.2  m 

-38  dB 

1.8  m 

-38  dB 

2.4  m 

-39  dB 

P  =14.125  GHz 
-39  dB 
-39  dB 
^0  dB 
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Fig.  2.  Radiation  pattern  of  the  synthesized  1.2  m 
Gregorian  shaped  offset  dual-reflector  an¬ 
tenna. 


F,dB 


deg 

Fig.  3.  Radiation  pattern  of  the  synthesized  1.8  m 
Gregorian  shaped  offset  dual-reflector  an¬ 
tenna 

Calculated  radiation  patterns  of  the  antennas  at 
the  center  transmit  mode  frequency  14.125  GHz  are 
shown  in  Fig.  2-4.  It  should  be  noted  that  calculated 
CO-  and  crosspolar  radiation  patterns  of  the  synthe¬ 
sized  antennas  fully  meet  CCIR  requirement  to  earth 
stations, 

A  production  samples  of  the  synthesized  antennas 
have  been  manufactured  (photo  of  the  2.4  m  antenna 
is  shown  in  Fig.5)  and  tested. 

Excellent  agreement  between  calculated  and  meas¬ 
ured  results  have  been  obtained.  All  three  prototypes 
antennas  have  crosspolar  radiation  level  less  then  - 


F,dB 


deg 

Fig.  4.  Radiation  pattern  of  the  synthesized  2.4  m 
Gregorian  shaped  offset  dual-reflector  an¬ 
tenna 


Fig.  5.  2.4  m  Gregorian  shaped  offset  dual-reflector 
antenna  design. 


38  dB  in  -1  dB  contour  and  their  sidelobe  envelopes 
are  below  the  envelope  recommended  by  CCIR  to 
earth  station  antennas. 

3.  Conclusion 

Results  of  synthesis,  design  and  testing  prototypes  of 
1.2  m,  1.8  m  and  2.4  m  Gregory  offset  dual-reflector 
antennas  with  very  low  crosspolarization  have  been 
presented.  The  results  of  testing  have  demonstrated 
that  the  synthesized  novel  antennas  fully  meet  strin¬ 
gent  CCIR  requirements  to  earth  station  antennas  and 
therefore  are  suitable  for  application  in  satellite  tele¬ 
communication  systems. 
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Abstract 

We  report  on  rigorous  physical  optics  simulations  of  the  ESA  PLANCK  dual- 
reflector  telescope  being  designed  for  measuring  the  temperature  anisotropies  and  po¬ 
larization  characteristics  of  the  Cosmic  Microwave  Background.  Both  polarized 
mono-mode  and  non-polarized  multi-mode  beams  covering  the  frequency  range  from 
100  GHz  to  857  GHz  ( D  /  A^^in  ~  5000 )  are  computed  by  using  a  specially  devel¬ 
oped  ultra-fast  physical  optics  code  propagating  the  source  field  mode-by-mode  from 
the  apertures  of  profiled  corrugated  horns  simulated  by  the  scattering  matrix  ap¬ 
proach.  Polarization  characteristics  of  the  broad-band  incoherent  beams  have  been 
computed  for  the  purpose  of  the  analysis  of  systematic  errors  in  polarization  meas¬ 
urements. 

Keywords:  ESA  PLANCK  Surveyor,  CMB  radiation,  HFI  instrument, 

PO  simulations,  polarization  systematic  errors. 


1,  Introduction 

The  ESA  PLANCK  Surveyor  is  the  deep-space  satel¬ 
lite  being  designed  for  the  accurate  measurements  of 
temperature  anisotropies  and  polarization  characteris¬ 
tics  of  the  cosmic  microwave  background  (CMB). 
The  satellite  will  carry  a  dual -reflector  multi-beam 
telescope  equipped  with  two  focal  plane  instruments 
(the  Low-Frequency  and  High-Frequency  Instru¬ 
ments)  for  detecting  the  radiation  in  a  wide  frequency 
range  extending  from  30  GHz  to  1000  GHz  [1]. 

The  High-Frequency  Instrument  (HFI)  will  operate 
in  six  frequency  channels  centered  at  100,  143,  217, 
353,  545  and  857  GHz.  The  HFI  consists  of  36  corru¬ 
gated  horn  antennas  feeding  cryogenically  cooled 
bolometric  detectors.  Channels  operating  at  100,  143, 
217  and  353  GHz  use  diffraction-limited  mono-mode 
quasi-Gaussian  horns.  Half  of  these  channels  will  be 
used  for  polarization  measurements  by  utilizing  po¬ 
larization-sensitive  micromesh  bolometers  developed 
by  Turner  et  al.  [2] 

The  higher  frequency  channels  (545  and  857  GHz) 
are  non-polarized  and  incorporate  non-diffraction- 
limited  profiled  multi-mode  horns.  All  the  HFI  horns 
are  broad  band,  with  the  bandwidth  being  about  30  % 
of  central  frequency.  The  horns  are  specifically  de¬ 
signed  to  meet  extremely  constrain  requirements  on 
both  the  primary  mirror  edge  taper  (<-  25-30  dB)  and 
the  angular  resolution  on  the  sky  (about  5  arcminutes 
at  the  frequencies  of  217-857  GHz). 


Since  both  the  temperature  anisotropy  e  =  6T  jT 
and  the  degree  of  polarization  d  of  the  CMB  radia¬ 
tion  are  extremely  small  {e  -  10“'^  and d  <  10”^), 
the  CMB  measurements  require  an  exquisite  accuracy 
of  the  instrument  and  a  tight  control  of  possible 
sources  of  systematic  errors.  To  achieve  the  goal, 
thorough  simulations  and  testing  of  the  instrument  are 
needed  at  every  stage  of  the  design. 

Optical  simulations  are  particularly  challenging  be¬ 
cause  of  multi-beam  dual-reflector  geometry  of  the 
telescope,  significant  refocus  of  elliptical  mirrors, 
rather  large  primary  mirror  having  projected  diame¬ 
ter  =  1.5  m  (2)/Aniin  ^  5000),  strict  requirements 
on  the  accuracy  and,  generally,  multi-mode  structure  of 
the  feed  horn  antenna  fields.  Physical  optics  (PO)  is  the 
most  appropriate  technique  for  this  kind  of  simulations. 
Conventional  software  cannot,  however,  cope  effi¬ 
ciently  with  the  electromagnetic  problem  of  this  size. 

As  an  alternative,  a  special  ultra-fast  PO  code  has 
been  developed  for  the  PLANCK  simulations  [3,  4].  It 
allowed  us  to  perform  rigorous  PO  simulations  of  the 
main  beams  of  the  telescope  in  a  few  minutes  for 
mono-mode  HFI  beams  at  a  single  fi*equency  and  in 
half  an  hour  for  the  complete  broad-band  polarization- 
averaged  multi-mode  beams.  Available  comparisons  of 
the  results  with  much  more  resource-consuming 
GRASPS  simulations  prove  the  accuracy  and  the  ad¬ 
vantages  of  this  approach. 

The  aim  of  this  paper  is  to  summarise  the  results  of 
our  simulations  of  the  ESA  PLANCK  HFI  beams  and 
to  consider  the  implications  of  the  beam  imperfections 
on  systematic  errors  of  polarization  measurements. 
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2.  Simulations  OF  THE  Horn  Field 

The  electric  field  at  the  aperture  of  corrugated  horns 
has  been  simulated  by  the  scattering  matrix  approach. 
The  effective  modes  of  the  electric  field  at  the  horn 
aperture,  ,  are  represented  via  the  canonical  TE- 
TM  modes  of  a  cylindrical  waveguide  as  follows 

(Pi^)  —  y  1..  .,2A/  (  P>  )  (0 

where  5„„y  is  the  scattering  matrix  computed  by 

Gleeson  et  al  [5]  for  each  particular  horn  at  various 
frequencies  /  is  used  as  an  input  in  this  work), 

n  =  0,  1,  AT  is  the  azimuthal  index  and 
nzjjf  =  I  2,  2 A/  are  the  radial  indices  account¬ 

ing  for  both  the  TE  {m,j  =  1,  M)  and  TM 
=  +  2Af) modes. 

Spatial  structure  of  the  aperture  modes  is  es¬ 
sentially  different  from  the  structure  of  canonical 
modes  .  It  depends  on  the  horn  design  and  varies 

with  varying  the  frequency  within  the  bandwidth  of 
the  channel. 

Notice  that  the  terms  TE  and  TM  in  application  to 
E;„„  (unlike  )  are  mere  notations  since,  generally, 

none  of  the  E„„,  modes  is  perfectly  transverse.  No¬ 
tice  also  that  the  total  power  of  the  horn  field  is  the 
sum  of  powers  of  E„„,  modes. 

Fig.  1  shows  the  power  contribution  of  different 
E,„„  modes  to  polarized  mono-mode  beams  HFI-143 
and  non-polarized  multi-mode  beams  HFI-545.  In 
multi-mode  beams,  both  the  power  contribution  and 
the  shape  of  E„„,  modes  vary  significantly  within  the 
bandwidth,  with  many  modes  being  rejected  at  the 
lower  frequency  edge. 

In  case  of  mono-mode  horns,  all  the  aperture 
modes  have  the  same  shape  and  effectively  sum  up  to 
a  single  mode  which  is  of  one  unit  of  total  power, 
almost  perfectly  Gaussian  and  linearly  polarized  on 
the  horn  aperture.  Broad-band  and  mono-frequency 
far-field  power  patterns  of  the  HFI-143  and  HFI-545 
horns  are  shown  in  Fig.  2. 

To  minimize  polarization  errors  due  to  mismatch  of 
different  beams,  the  pairs  of  orthogonal  polarization 
channels  have  been  incorporated  into  the  same  horn 
by  using  the  polarization  sensitive  bolometers  [2].  In 
this  case,  the  difference  of  power  patterns  of  two 
channels  is  minimal  (typically,  less  or  about  I  %).  It 
arises  only  due  to  minor  asymmetry  of  the  polarized 
modes  propagating  through  the  horn  and  a  slight  dif¬ 
ference  in  propagation  of  different  polarizations  along 
the  same  path  via  the  telescope  (the  mismatch  of  dif¬ 
ferent  beams  is  much  greater  and  depends  on  the  horn 
location  in  the  focal  plane), 

3.  Simulations  of  Multi-Mode  Beams 

Simulations  of  multi-mode  beams  require  the  propa¬ 
gation  of  each  mode  for  a  few  times  with  different 
polarization  angle  for  proper  averaging  of  polariza- 


P,  reU  units 


Horn  aperture  nodes  in  the  order  of  decreasing  power 


a) 

P,  rel«  units 


Horn  aperture  inodes  in  the  order  of  decreasing  power 


b) 


Fig.  1.  Contribution  of  E,„„  modes  to  (a)  HFM43 
and  (b)  HFI-545  beams  in  units  of  power  of 
a  single  polarized  mode 


theta,  deg 

b) 

Fig.  2.  Broad-band  and  mono-frequency  far-field 
power  patterns  of  (a)  HFM43  and  (b)  HFI- 
545  horns 
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a)  b) 


c)  d) 

Fig.  3.  Power  patterns  of  (a,c)  mono-frequency  and 
(b,d)  broad-band  telescope  beams  from  the 
multi-mode  horns  (a,b)  HFI-545-1  and  (c,d) 
HFI-545-2  computed  by  the  scattering  ma¬ 
trix  approach 

tion.  The  reason  is  that,  unlike  the  field  of  a  conical  or 
Gaussian  horn,  the  modes  of  the  profiled  horns  are  not 
axially  symmetric  and  the  mode  pattern  in  the  sky 
depends  on  the  polarization  angle  on  the  horn  aper¬ 
ture.  Also,  because  of  broad  frequency  bands  (~30  %), 
averaging  over  frequency  is  needed  as  well. 

Fig.  3  shows  the  mono-frequency  (/ =  545  GHz) 
and  broad-band  (f  —  455  —  635  GHz)  power  pat¬ 
terns  of  the  telescope  beams  from  the  profiled  corru¬ 
gated  horns  HFI-545-1  and  HFI-545-2  computed  by 
the  scattering  matrix  approach  with  averaging  over 
polarization  angle.  Each  horn  is  placed  at  the  best 
refocus  providing  both  the  maximum  gain  and  the 
best  resolution  of  the  telescope.  The  best  refocus  is 
found  by  repeated  PO  simulations  of  the  broad-band 
beams  with  different  locations  of  the  horn.  For  these 
multi-mode  horns  with  the  aperture  radius 
a  =  4.298  mm,  the  best  refocus  corresponds  to  the 
effective  focal  centre  located  at  =  5.0  mm  inside 
the  horn  as  measured  from  the  horn  aperture. 

The  beams  in  Fig.  3  are  computed  with  the  horns 
optimized  for  the  required  angular  resolution  of  the 
telescope  (the  full  beam  width  on  the  sky 
W  —  5  arcminutes)  when  satisfying  the  edge  taper 
requirements  on  the  primary  mirror.  The  distortion  of 
the  beams  at  this  level  of  resolution  is  mainly  due  to 
coma  (aberrations  of  the  wider  beams  are  mainly  due 
to  astigmatism).  Each  beam  has  a  well-defined  flat  top 
of  the  angular  diameter  W  —  4.8  arcminutes  when 
measured  at  the  level  of  -3  dB  which  appears  to  be 


just  the  edge  of  the  flat  top.  At  the  level  below  - 
10  dB,  the  beams,  however,  are  rather  complicated 
because  of  significant  aberrations  of  the  telescope. 
The  aberrations  are  different  for  different  modes  and 
vary  significantly  when  sweeping  the  frequency 
across  the  bandwidth  of  the  frequency  channel. 

4,  Simulations  of  Polarized  Beams 

Polarized  mono-mode  beams  of  channels  /  =  100 , 
143,  217  and  353  GHz  are  produced  by  profiled  cor¬ 
rugated  horns  rather  similar  to  multi-mode  ones. 
These  horns  are  also  simulated  in  a  general  way  as 
multi-mode  ones.  However,  due  to  Gaussian-like  pro¬ 
file,  selection  of  modes  and  sensitivity  of  the  bolome¬ 
ters  to  only  one  linear  polarization,  the  aperture  field 
of  these  horns  consists  of  just  two  effective  modes 
TEii  and  TMn  (Fig.  l,a)  producing  almost  the  same 
pattern  on  the  sky  both  in  terms  of  power  and  polari¬ 
zation. 

Because  of  these  properties,  the  aperture  field  of 
the  polarized  horns  can  be  well  simulated  by  a  clipped 
Gaussian  source  field  with  some  curvature  of  the 
wave  front.  This  model  allowed  us  to  find  the  required 
orientation  of  the  polarization  vector  on  the  aperture 
of  each  horn  by  computing  the  orientation  of  the  po¬ 
larization  ellipse  on  the  axis  of  the  coherent  telescope 
beam  at  the  central  frequency  of  each  channel  [4]. 

More  rigorous  approach  requires  the  scattering  ma¬ 
trix  simulations  with  averaging  of  the  polarization 
data  over  all  the  contributing  modes  and  over  all  the 
frequencies  of  incoherent  beam.  The  averaging  of  this 
kind  is  computed  by  representing  the  polarization  data 
in  terms  of  Stokes  parameters  of  the  telescope  beams. 

We  compute  Stokes  parameters  defined  with  re¬ 
spect  to  the  parallels  and  meridians  of  the  spherical 
frame  on  the  sky  with  the  pole  being  the  geometrical 
spin  axis  of  telescope  (the  spherical  frame  of  space¬ 
craft).  This  definition  has  an  advantage  that  the  po¬ 
larization  data  of  this  representation  can  be  easily 
converted  into  the  invariant  E-B  representation  which 
is  independent  of  the  coordinate  frame  on  the  sky. 
Also,  this  spherical  frame  does  not  have  artificial  sin¬ 
gularities  in  the  field  of  view  of  telescope  and  the 
beam  patterns  are  directly  superimposed  and  com¬ 
pared  on  the  sky  when  the  telescope  is  spinning  about 
its  geometrical  axis. 

Fig.  4  shows  the  broad-band  power  patterns  com¬ 
puted  in  this  way  for  two  pairs  of  beams,  HFI-143-2a 
and  HFI-143-4a  of  one  pair,  and  HFI-217-6a  and  HFI- 
217-8a  of  another  pair.  It  is  the  beams  of  each  pair 
that  are  directly  superimposed  on  the  sky  when  spin¬ 
ning  the  telescope.  The  patterns  in  Fig.  4  are  plotted 
as  projected  on  the  plane  normal  to  the  line  of  sight  of 
telescope. 

Accurate  polarization  measurements  require  identi¬ 
cal  power  patterns  and  perfect  superposition  of  two 
beams  on  the  sky.  In  reality,  as  shown  in  Fig.  4,  the 
beams  are  distorted  in  different  manner  because  of 
different  locations  of  horns  on  the  focal  plane,  and  the 
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^  tK,  deg 
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Fig.  4.  Power  patterns  of  the  pairs  of  beams  to  be 
superimposed  on  the  sky  (a  with  b  and  c 
with  d)  for  polarization  measurements  when 
spinning  the  telescope  (broad-band  channels 
(a,b)  /  =  12I-166GHZ  and  (c,d) 

/  =  182-252  GHz) 


Fig.  5.  The  U  Stokes  parameter  pattern  of  the 
broad-band  beam  HFI-143-4a 

difference  of  power  patterns  provides  an  important 
estimate  on  the  level  of  possible  systematic  errors  in 
the  measurements  of  CMB  polarization. 

Fig.  5  shows  the  U  Stokes  parameter  pattern  of  the 
broad-band  beam  HFI-143-4a  (the  V  pattern  is  rather 
similar,  although  greater  in  magnitude  and  slightly 
twisted  about  the  beam  axis). 

As  one  can  see,  positive  and  negative  values  of  the 
U  parameter  are  well  balanced  over  the  beam  pattern 
and  the  average  value  is  very  close  to  zero.  It  proves 
that  the  chosen  direction  of  polarization  of  the  horn 
field  as  found  by  Yurchenko  [4]  for  a  simplified 
model  of  a  coherent  mono-frequency  quasi-Gaussian 
beam  is  really  an  optimum  (ideally,  U  should  be  zero 
in  this  polarization). 


The  amplitude  values  of  both  the  U  and  V 
parameters  are  small  enough  (|i7|<l%  and 
\V\  <  4%  of  maximum  beam  intensity)  that  ensures 
a  sufficiently  small  magnitude  of  the  cross-polarized 
power  (  <  —30  dB)  as  required  by  the  telescope 

specification. 

Recent  simulations  of  the  HFI-100  channels  show 
that  even  these  rather  low-frequency  beams  are  suffi¬ 
ciently  perfect  (difference  of  power  patterns  of  or¬ 
thogonal  polarization  of  the  same  beam  is  about  1  %) 
and  the  cross-polarized  power  is  well  below  -30  dB 
(e.g.,  for  the  HFI-100-3a  beam,  <  -37  dB). 

4.  Conclusion 

Polarized  mono-mode  and  non-polarized  multi-mode 
HFI  beams  of  the  ESA  PLANCK  telescope  have  been 
computed  by  physical  optics  propagation  of  the  horn 
aperture  field  simulated  by  the  scattering  matrix  ap¬ 
proach.  Beam  patterns  of  Stokes  parameters  have 
been  computed  and  the  required  polarization  angles 
on  the  horn  apertures  have  been  found.  Beam  patterns 
have  been  studied  for  the  estimate  of  systematic  errors 
in  polarization  measurements. 
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Abstract 

On  the  basis  of  an  analytical  solution  for  a  reflectance  and  a  gain  of  the  open- 
ended  waveguide  having  cross-section  axb  with  wave  H\q  it  is  shown  for  a>0,7A.,  b>a 
or  a>4?i,  Z>>0,4n,  where  X,  is  a  wavelength  in  free  space,  what  the  gain  dependence  of 
the  open-ended  waveguide  on  alX  at  a/Z>=const  corresponds  to  generalized  gain  de¬ 
pendence  of  optimal  plane  horns  in  plains  £*  or  77  on  a  dimension  of  the  horn 
aperture.  The  calculation  of  an  effective  area  and  an  area  use  factor  of  open-ended 
waveguide  and  optimal  plane  horn  apertures  are  made. 

Keywords:  open-ended  rectangular  waveguide,  optimal  plane  horn,  reflectance,  gain, 
effective  area,  area  use  factor. 


1.  Introduction 

At  analysis  of  the  open-ended  rectangular  wave¬ 
guide,  .^-plane  horn  and  ^-plane  horn  excited  by 
wave  /fio  the  following  heuristic  conjectures  are  used: 

1)  field  distribution  in  the  waveguide  aperture  coin¬ 
cides  a  field  distribution  of  a  travelling  wave; 

2)  field  distribution  in  a  horn  of  final  length  coin¬ 
cides  with  the  field  in  the  applicable  part  of  an  infinite 
horn.  The  wave  front  in  a  horn  is  considered  as  a  part 
of  a  surface  of  the  cylinder,  the  axis  which  one  coin¬ 
cides  an  edge  of  a  dihedron  formed  by  divergent  walls 
of  the  horn.  The  obtained  formulas  for  calculation  of 
the  radiation  of  these  three  devices  are  not  tied  one 
with  another,  see,  for  example,  [1, 2,  3]. 

In  the  paper  [4]  mode  of  the  rectangular 
waveguide  with  cross-section  a  x  6  is  reviewed  as 
the  sum  of  magnetic  and  electric  modes  Hqu  ^oo  of 
two  orthogonal  flat  waveguides  with  spacing  interval 
between  plates  a  and  b  and  then  with  usage  of  a 
stringent  solution  [5]  of  diffraction  problem  on  the  flat 
waveguide  opened  end  the  analytical  proportions  for 
the  reflectance  of  the  open-ended 

rectangular  waveguide  are  obtained. 

In  progressing  such  an  approach  in  this  paper  for 
optimal  horns  in  H  and  E  plains  a  generalized  analyti¬ 
cal  gain  dependence  on  aperture  dimensions,  an  effec¬ 
tive  area  and  an  area  use  factor  are  retrieved. 

2,  Reflectance  and  Gain  of  Open- 
Ended  Rectangular  Waveguide 

Let  us  write  down  a  gain  of  the  open-ended  waveguide 
with  cross-section  a  x  6  in  the  direction  of  a  radiation 
maximum  at  ^  =  0  on  wavelength  A  as  [4] 


Do  - 


8 .  F(0) 


0) 


Heak 


where  F(0)  = 


exp[7r(g  -  7)] 


7r(g  +  7) 

ating  in  simple  solid  angle  (Afff  at  9  =  0; 


is  a  power  radi- 


q  =  aJX  ,  7  —  “  Oj  25  ,  u  —  bja; 


•^enk  IfQ 


1  + 


47  exp[7r(g  -  7)] 
V  7r(g  +  7) 


(1- 


\Rio?) 


is  an  active  loss  power  of  wave  Hio  in  the  rectangular 
waveguide,  |  Riq  \  is  its  opened  end  reflectance  modulus. 

Plots  of  function  Do  are  shown  in  Fig.  1 . 

Let  us  re-arrange  Eq.  (1)  for  the  case  of  large  aper¬ 
ture  dimensions,  i.e.  when  7  g  .  Then 

F{Q)  Piei,k  (1  +  ~)(1  l-RioP)* 

TT  \  V7f  I 

Fig.  2  and  Fig.  3  show  reflectance  Rio  of  the  cur¬ 
rent,  calculated  by  formulas  of  paper  [4].  It  is  seen 
from  Figs,  2,  3,  that  \Rio  |  0  at  a  >  0,7A,  b  >  a 

or  at  a  >  4A ,  6  >  0, 4a  . 

At  |i?io|  «  0  we  receive  an  approximate  formula 
for  a  gain  of  the  large  aperture  rectangular  waveguide 
with  wave  Hio 


Dap 


32v 

?;7r  -h  2 


q  +  C. 


(2) 


Values  of  coefficient  C  calculated  under  formulas 
(1),  (2)  are  shown  in  a  table. 


Table.  1. 
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1 

1.5 

2 

2.5 

3 

4 

1.49 

1.969 

2.30 

2.539 

2.72 

2.98 
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Fig.  2.  Reflectance  modulus  of  the  open-ended  rec¬ 
tangular  waveguide 
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Fig.  3,  Reflectance  of  the  current  of  the  open-ended 
rectangular  waveguide 


Supposing,  that  in  the  horn  aperture  wavelength 
Aio  =  A  and  characteristic  resistance  Z,,io  =  1207rQ , 
H-  and  £-plane  horn  gains  are  counted  under  formulas 
[1]: 

=  ^{[C{u)  -  qul)f  +  [5(«)  -  5(ul)f }  ;(3) 


Dr  = 


64 


\C\u2)  +  5-^(u2)], 


where  C{t)  =  J  cos  ^  dx ,  S(t)  =  J  sin  —  dx 


are  the  Fresnel’s  integrals; 


A 

^  A  I  1  B 

V2i  A  V^J’  >/2VX^’ 

.  Re  are  the  horn  length  from  an  dihedron  edge 
inside  the  waveguide  to  an  aperture  with  dimensions 
.4  X  6  or  a  X  B  (Fig.  4). 

In  Fig.  5  functions  Do(q  =  q,i>  =  2)  (I), 

Dh  j{a  =  AjX)  (3),  De  ^{a  -  B/X)  (4)  are 

shown.  We  see  from  Fig.  5,  that  plot 
=  Q'lr' =  2)  =  Do(o) ,  determined  from  the 
problem  solution  of  open-ended  rectangular  waveguide, 

traverses  maximums  of  plane  horn  gains  D^-,  De-> 

b  a 

applicable  to  plane  horns  optimal  in  gain. 

Curve  I>o(a)  represents  a  generalized  gain  depend¬ 
ence  on  the  aperture  dimensions  of  an  optimal  plane 
horn  in  any  of  plains  H  or  E  and  taking  into  account  (2) 
and  table  function  Do  (a)  is  approximated  at  a  >  2  as 

32  •  2 

^o(«)  «^^^a-F2,3  «  7,726q -F2,3.  (5) 

Using  plot  A)(a)  it  is  possible  to  determine  pa¬ 
rameters  of  any  optimal  plane  horn  on  the  given  gain. 
For  example,  for  preset  GAIN  =  100  of  a  plane  horn  it 
is  necessary  to  find  aperture  dimensions  and  length  of 
H-  £-homs  Rf! ,  Re  .  On  a  function  scale  (Fig.  5) 
we  tag  dot  Gain=  100,  under  plot  Du(a)  or  under 
formula  (5)  we  discover  argument  a  =  12,646.  From 
here  we  determine  the  horn  aperture  dimensions  by 

Axb  =  12,646A  x  A  and  ax  B  =  Xx  12,646A . 

For  H—,  £-optimal  horns  the  greatest  lagging  on 
aperture  edges  is  equal  to 

=  x/V  +  (>l/2)-^  -Rh=^-, 


3.  Optimal  Plane  Horn  Gain 

Plane  horns  are  formed  by  the  extension  of  a  waveguide 
cross-section  dimension  in  the  //or  E  plain  (Fig.  4). 


i>Emn^  =  -^yfR^TiBjW  -Re  =^- 


then  obtain 


Rh  =-[(o/2)2-(3/8f]  =  53,lA. 
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Fig.  4.  H-  £”plane 
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Fig.  5.  Optimal  plane  horn  gain  I>o(a);  //-plane, 
£'-plane  horn  gains  Djj , 


horns. 


Fig.  6.  The  relation  of  optimal  plane  horn  dimen¬ 
sions  and  offsets  Sh  and  6^.(8) 


Re  =  2[(a  /  2f  -  0, 252  j  ^  79^  (7) 

That  corresponds  to  values  of  functions  (3),  (4) 

101,98  ,  De-  =  103,01 . 

0  a 

We  instituted  lengths  of  optimal  horns  for  GAIN=100 
and  have  obtained  a  little  bit  other  gain  values.  A  reason, 
probably,  is  the  assumptions  adopted  at  the  deduction  of 
functions  (3),  (4).  In  Fig.  6  dependences  on  optimal  horn 
length  iiflopt  ?  of  dimensions  AJX  at  6  =  A  and 

BJX  at  a  =  A  are  shown.  Also  offset  magnitudes  Sh, 

Se  of  generalized  dependence  DQ{a)  onmaximumsof 
fiinctions  (3),  (4)  are  given. 


inax{DH  t)  “  A  max(i}£;  -)  -  Do 

^ — ■ 

<8) 

From  Fig.  6  it  is  possible  to  see  the  almost  propor¬ 
tional  dependence  of  the  aperture  dimensions  of  an 
optimal  plane  horn  on  its  length. 

In  a  interval  of  lengths  of  a  //-planar  horn  of 
lOA  <  ^  150A  magnitudes  of  offsets  be¬ 

tween  curve  A)(o^)  maximums  of  function 

Dn^ioi  =  AJX)  lay  in  limits  from  -3,228  %  up  to 

0,442%,  offsets  8e  for  function  =  BjX)  at 

lOA  <  ii^bpt  <  150A  lay  in  limits  from  -3,091  %  up 

to  1,402%. 

A  B 

Plots  —  (J?ifopt)  and  —{REopt)  in  Fig.  6  allow,  pass¬ 
ing  calculations  under  formulas  (6),  (7),  to  find  required 
length  of  an  optimal  horn  Rhopx  or  REopt  after  the  de¬ 
termination  of  magnitude  a  on  Fig.  5.  Then  on  retrieved 
horn  length  it  is  possible  to  evaluate  offsets,  having  taken 
advantage  curves  SjfiRHopt)  or  <5^(//£bpt)- 


4.  Effective  Area  and  Area  Use 
Factor  (AUF)  of  Rectangular 
Aperture 

The  geometrical  and  effective  areas  (S^Af,)  of  an  an¬ 
tenna  aperture,  antenna  gain  Dq  along  an  electrical  axis 
and  area  use  factor  Ks  are  connected  by  proportions 

4  =  4/a'  =  Do/iin) ;  Kg  =  >?D^,I{A-kS)  .  (9) 
Let  for  two  optimal  H-  h  £-homs 

Dh  =  ^  =  ^{ot  =  j)  and  also  j  =  j- 

(10) 

Taking  into  account  (9)  for  these  horns 

A, (a)  =  Do{a)f{A7r),Ksia)  =  D^{a)/{Ai,a)  .{W) 

Taking  into  account  (5) 

Ks{a)  -  (7,726a  +  2,3)/(47ra) .  (12) 

In  Fig.  7  dependences  (11)  and  Sx  =  SjX^  =  a 

for  H~  and  ^-homs  (10)  and  for  comparison  normal¬ 
ized  effective  area  AxiaJX)  and  area  use  factor 

Ks{ajX)  (13)  of  standard  waveguide  IEC-14  with 

mode  //lo  are  shown. 

4(a/A)  =  I>o/4x ;  KsiaJX)  =  X^DojiAirah) .  (13) 

For  the  standard  waveguide  in  a  long  wavelength 
part  of  the  operating  range  we  have  area  use  factor 
Ks{alX)>\,  A  range  with  Ks{ajX)>l  is  the 
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Fig.  7.  The  area  use  factor  Ks  and  the  effective 
area  of  rectangular  apertures 


more  widely,  than  it  is  less  ratio  bja  (compare  with 

[4]).  Area  use  factor  RgirlX)  >  1  is  obtained  also  for 

the  opened  end  of  a  circular  guide  with  wave  near 
to  extreme  value  of  radius  r  [5], 

For  the  open-ended  rectangular  waveguide  in  the 
literature  value  AUF*0.8I  is  given.  It  follows  from 
conjecture  1,  reduced  in  the  introduction,  see,  for 
example,  [2,  3]. 

For  optimal  H-  and  £-horn  with  the  identical 
aperture  dimensions  a  =  AJX  -  BJX ,  a  -  b  -  X, 

is  receivable  the  identical  effective  areas  and  AUF. 
At  variation  a  (and  normalized  geometrical  area 
S;}  from  2  up  to  30  magnitudes  of  AUF  Ks(a) 

receives  values  from  0,704  up  to  0,621  and  has 
maximum  of  0,889  at  a  =0,56. 

In  the  literature  on  antennas  different  values  of 
the  area  use  factor  of  optimal  horns  are  given: 

AUF//=AUF£=0.64  [I], 

AUF«=0.66,  AUF£=0.52  [2], 


AUF,y=0.64,  AUF£=0.8  [3], 

5.  Conclusion 

It  is  shown,  that  the  reflectance  modulus  of  wave  Hio 
from  the  opened  end  of  the  waveguide  with  cross- 
section  0x6  becomes  neglible  small  at  a  >  0,7A, 
6  >  o  or  at  o  >  4A ,  6  >  0,4a .  Thus  the  gain  de¬ 
pendence  of  the  open-ended  waveguide  on  o^A  at 

ajb  =  const  corresponds  to  generalized  gain  de¬ 
pendence  of  optimal  H-  £-plane  horns  on  the  horn 
aperture  dimensions. 

Designed  formulas  (1 1),  (12)  of  an  effective  area 
and  an  area  use  factor  of  the  optimal  horns  are  ob¬ 
tained.  At  variation  of  geometrical  aperture  area  S 
from  2A^  up  to  30A^  the  area  use  factor  of  optimal 
horns  receives  values  from  0,704  up  to  0,621.  For 
the  open-ended  standard  waveguide  the  area  use 
factor  is  more  or  equal  to  unit  at  the  long  wavelength 
part  of  the  operating  range. 

References 

1 .  Aizenberg  G.  Z.  Antennas  of  ultra-short  waves. 
Moscow:  State  Publishing  House  on  link  and  wire¬ 
less.  1957.  (in  Russian). 

2.  Microwellenantennen.  Rudolf  Kilhn.  Veb  Verlag 
Technik,  Berlin,  1964. 

3.  Markov  G.  T.  and  Sazonov  D.  M.  Antennas.  Mos¬ 
cow:  Energy.  1975.  (in  Russian). 

4.  Butakova  S.  V.  Usage  of  solutions  for  the  flat 
waveguide  at  analysis  of  the  open-ended  rectan¬ 
gular  waveguide  radiation.  //  Moscow:  Publishing 
House  of  the  Journal  «Radiotekhnika».  Antennas, 
>fs  12  (67),  p.  p.  48-54.  2002  (in  Russian) 

5.  Weinstein  L.  A.  The  diffraction  theory  and  fac¬ 
torization  method.  Moscow:  Soviet  Radio,  1966. 
(in  Russian). 


244  International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp.  245-247 


THE  INVESTIGATION  OF  RADIATION 
CHARACTERISTICS  OF  FRESNEL  ANTENNA  FOR 

Q-BAND 

Magro  V.  I.,  Morozov  V.  M. 

Dniepropetrovsk  National  University, 

13  Naukova  st.,  Dniepropetrovsk,  Ukraine,  32050, 

<morozovavu@mail.ru>  tel.  0562-467995 


Abstract 

The  general  approach  to  analysis  of  zonal  Fresnel  antenna  is  considered.  The  fre¬ 
quency  characteristics  of  Fresnel  antenna  are  analyzed.  The  radiation  characteristics 
of  the  Fresnel  antenna  are  considered. 

Keywords:  Fresnel  antenna,  focus,  radiation  pattern. 


1.  Introduction 

Recently  the  interest  to  investigation  of  the  plane 
zonal  antennas  has  increased  notably  [1,  2].  The 
printed  antennas  are  widely  used  in  the  systems  of 
satellite  television.  In  some  cases  these  antennas  may 
compete  with  classic  parabolic  reflector.  The  printed 
plane  antenna  has  advantages  in  construction,  exploi¬ 
tation  and  value. 

The  results  of  investigations  of  plane  sounded  an¬ 
tenna  radiation  characteristics  are  presented.  This 
plane  structure  named  the  Fresnel  antenna  has  been 
considered  (Fig.  1). 

2.  Analysis  of  Diffraction  on  Plane 
Ring  Structure 

Let  us  consider  the  diffraction  problem  on  ringing 
structure  by  the  method  of  integral  equation.  In  the 


Fig.  1. 


general  case,  the  diffraction  problem  on  conducting 
unclosed  surface  S  can  be  solved  as  the  boundary 
problem  of  Helmholtz  equation.  The  unknown  func¬ 
tion  (vector  of  secondary  field  satisfy  the 

Helmholtz  equation,  boundary  condition,  edge  condi¬ 
tion  and  condition  of  radiation. 

Another  approach  to  this  problem  is  known.  The 
diffraction  problem  under  study  can  be  solved  by  in¬ 
tegral  equation  for  current  density  j .  The  current  den¬ 
sity  j  is  inducted  on  the  surface  S  [3]. 

Let  surfaces  be  the  plane  rings 

Oq  <  r  <  6^ ,  0  <  9?  <  27r ,  z  =  z^.  Denote  , 
Zf^  and  as  the  spherical  coordinates  of 

the  points  Mq  £  q  =  %  2, . , .  n  ,  and  M  £  Sp, 

p  —  l,2,...n.  The  vector  of  current  density  compo¬ 
nents  jxq  and  jyq  inducted  on  surface  Sq, 
q  =  1, 2, ...  n  can  be  expanded  in  the  Fourier  series 

oo 


In  this  case,  the  secondary  vector  potential  A  at 
the  point  M  £  Sq  is  created  by  the  currents  leaking 

on  Sq  and  on  the  other  surfaces.  Then  we  have 


a« 


27r  _-7.r 


<r 


cos  {ml3)d(3  — 


0 

=  (r, )  +  {krj)  + 


(1) 


ag  <rg  <  by 
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p^v 


'y.i  j jui'^iPp)  Pp^pp  ^ 


-ikL 

/C 


os{m0)dfl  = 


-i<>W.(foi)+is(:;l(r,),  a,  <r,  <(,„ 
where 

^PQ  ==  yj^q  ^  Pp  -  '^‘f'cjpp  cos/?  +  {Zj,  -  Zg)  ; 

and  are  the  Fourier  compo¬ 

nents  of  the  initial  vector  potential.  The  vector  poten¬ 
tial  is  calculated  at  the  point  of  surface  .  The 

functions  and  are  written  in  the 

following  form 

2  r„  WT -  ’ 


2  r, 


'1,  “2 


TT  ^ 

—  "2  j*  fn"'\P(t)^{^Pq)Pq  <^Pq  + 


>■» 

-N,„{kr^)J  ft\pq)J,nikPq)Pq  dp^ 


The  function  represents  the  coefficients  of  ex¬ 
pansion  into  the  Fourier  series  of  function  f,j{r,tp) 

OC 

fq(r,‘p)= 

m  —  ~oc 

The  constants  d!'”l\  ^e  ex- 

pressed  in  terms  of  constants  and  The 

constants  and  are  defined  from  the  follow¬ 
ing  condition 


3.  Analysis  of  Frequency  Properties 
OF  Fresnel  Antenna 

Let  us  consider  the  zonal  Fresnel  antenna.  This  antenna 
is  being  constructed  by  the  way  of  hiding  of  the  halves 
of  the  Fresnel  zones,  which  make  the  antiphase  contri¬ 
bution  to  the  field.  The  condition  of  coherence  summa¬ 
tion  addition  of  radiation  at  the  focal  point  /  is 

/+f =/’  +  n“. 

where  k  is  equal  to  1, 3, ...  TV  , 

The  expression  for  radius  of  the  Fresnel  zone  may 
be  written  as 

r,=ML^. 

‘  V  2  16 

The  position  of  focus  of  the  Fresnel  antennas  changes  as 

Thus,  as  the  wavelength  A  and  the  number  of  rings 
change,  the  focus  distance  /  also  changes.  The  role 
of  the  second  term  grows  with  the  increase  of  the 
wavelength  A ,  when  the  first  team  decrease,  whereas 
the  second  one  increases.  In  the  second  term  of  the 
expression  (3)  becomes  more  than  the  first  term,  then 
the  antenna  turns  to  the  scattering  one. 

The  value  of  /  is  equal  to  zero  when  An  =  . 

N 

Fresnel  antenna  becomes  scattering  one,  when 
A  >  Ay.  Fresnel’s  antenna  becomes  converging  one, 
whenA<Ao.  Taking  into  account  the  denotations 
equation  (3)  can  be  written  in  the  following  form 

The  significant  part  in  the  frequency  performances  of 
the  Fresnel  antenna  is  played  by  the  value  of  relative 
aperture  diameter  D/A  (D  =  r^-).  From  the  results 
shown  in  paper  [4]  the  condition  of  unselectivity  is 
D  1,856 

>-Wx 

4.  Results  of  Experiment 


where  is  the  m-th  harmonic  of  the  Fourier  radial 

component  of  the  vector  of  current  density.  These 
currents  are  inducted  on  the  surface  . 

In  general  case,  the  numerical  solution  of  double 
integrals  of  oscillation  function  (1),  (2)  is  very  diffi¬ 
cult.  The  integrals  like  (1)  and  (2)  can  be  reduced  to 
the  single  integrals  only  for  the  cases  when  plane 
wave  impinges  normally  the  plane  of  ring  location. 
Therefore,  it  is  more  expedient  in  most  practical  cases 
to  consider  this  problem  by  geometrical  optics  ap¬ 
proximation. 


The  structure  of  diffracted  field  on  the  Fresnel  an¬ 
tenna  with  number  of  rings  JV  =  3,  5,  7,  10  has 
been  investigated.  The  Fresnel  antenna  has  been  cal¬ 
culated  for  frequency  band  10.7...  1 1.7  GHz.  The  field 
distribution  along  axle  of  antenna  is  analyzed.  It  is 
established  that  maximum  of  radiation  intensity  along 
axis  of  antenna  dependents  on  wavelength.  The  analy¬ 
sis  of  the  field  distribution  has  shown  that  focus  (“real 
focal  point”)  is  shifted  along  the  axis.  The  transversal 
distribution  of  the  field  amplitude  in  the  focus  plane 
has  been  investigated. 
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The  radiation  pattern  of  antenna  with  number  of 
rings  A/”  =  3,  5,  7,  10  has  been  measured.  It  is  es¬ 
tablished  that  the  position  of  intensity  maximum  on 
the  longitudinal  axis  depends  on  the  wavelength.  The 
results  of  measurement  are  in  a  good  agreement  with 
other  available  data  [5,  6].  It  is  determined  that  width 
of  radiation  pattern  of  the  Fresnel  antenna  lies  within 
8-10°.  The  measurements  of  different  types  of  horn 
feed  have  been  carried  out.  A  maximum  of  antenna 
directive  gain  is  19.6.  It  has  been  shown  that  as  the 
number  of  the  Fresnel  antennas  elements  N  in¬ 
creases,  the  width  of  the  radiation  pattern  changes 
insignificantly  (no  more  than  20%),  whereas  the 
value  of  the  directive  gain  increases  significantly.  The 
increase  of  the  element  number  N  in  the  Fresnel  an¬ 
tenna  leads  to  some  narrowing  of  the  operating  fre¬ 
quency  band. 

5.  Conclusion 

The  general  approach  to  the  analysis  of  diffraction 
phenomena  on  the  Fresnel  antenna  based  on  the 
method  of  integral  equation  has  been  considered.  The 
analysis  of  frequency  characteristics  of  the  Fresnel 
antenna  has  been  carried  out.  The  Fresnel  antenna  for 
Q-band  has  been  investigated. 
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Abstract 

An  aperture  method  is  used  for  calculation  of  non-axisymmetrical  parabolic  re¬ 
flector  antennas.  The  possibility  of  scanning  of  horizontal-plane  pattern  at  rotation  of 
reflector  at  fixed  radiatorer  is  investigated.  The  results  of  numerical  and  measurement 
experiments  are  presented  in  the  paper. 

Keywords:  Non-axisymmetrical  parabolic  reflector  antenna,  pattern,  aperture  method. 


1.  Introduction 

Today  many  books  and  papers  on  calculation  of  para¬ 
bolic  reflector  antennas  are  published,  for  example  [1- 
3],  however  calculation  of  non-axisymmetrical  para¬ 
bolic  reflector  antennas  is  not  quiet  considered  in  the 
literature  known  for  the  authors. 

In  the  paper,  mechanical  beam  scanning  of  the  pat¬ 
tern  of  a  non-axisymmetrical  parabolic  reflector  an¬ 
tenna  is  researched  at  rotation  of  reflector  in  main 
planes  with  respect  to  a  fixed  radiatorer.  The  use  of 
the  mechanical  method  of  scanning  allows  excluding 
rotating  joints  from  a  transmitting  tract  of  radio- 
electronic  equipment  and  diminishing  dimensions  and 
cost  of  rotating  devices,  as  well  as  improving  adjust¬ 
ment  of  the  tract  at  wide  frequency  band  [4]. 

2.  Theoretical  Part 

Calculation  of  the  pattern  of  a  non-axisymmetrical 
parabolic  reflector  antenna  (Fig.l)  is  carried  out  with 
the  aperture  method. 

If  to  neglect  currents  leaking  to  a  shady  side,  it  is 
possible  to  define  the  field  intensity  at  any  point  of 


space  by  the  field  distribution  on  a  surface  of  an  an¬ 
tenna  aperture. 

A  method  of  geometric  optics  is  used  for  approxi¬ 
mate  determination  of  the  field  distribution  in  the  ap¬ 
erture  plane.  According  to  the  method,  every  radiator 
beam  incident  on  the  surface  of  parabolic  antenna 
corresponds  to  a  beam  reflected  by  this  surface. 

On  the  way  from  the  radiator  to  an  aperture  of  an¬ 
tenna  paraboloid,  an  amplitude  of  beams  decreases 
inverse  proportional  to  a  distance.  Thus,  if  the  antenna 
radiator  with  radiation  pattern  (RP)  is  dis¬ 

posed  in  the  focus  of  paraboloid,  the  field  distribution 
in  the  aperture  is  defined  by  the  formula 


E{ilw)  = 


•  V 
k 


(1) 


where  /  is  the  focal  distance,  ■=  l^  is  the  length 
of  beam  path  from  radiator  to  paraboloid  aperture. 

RP  of  aperture  with  distribution  (1)  is  determined 
as  follows 


m<l>)  =  JJ •  F,(e)  ■  , 

s 


where 


-  -^sin0(2/„  cos4>  +  z„  sin^) 

is  the  spatial  phase  coefficient  of  pattern  of  non- 
axisymmetrical  parabolic  antenna,  A  is  the  wave¬ 
length,  Fi{0)  =  is  the  factor  that 

takes  into  account  directive  properties  of  elementary 
square  and  diminution  of  aperture  at  beam  scanning, 

— -  is  the  phase  distribution  in  the 

aperture  of  a  parabolic  reflector  antenna,  5  is  aper¬ 
ture  plane  of  a  non-axisymmetrical  parabolic  reflector 
antenna,  angles  0,  V*  are  counted  as  Fig.2  shows, 


0-7803-7881 -4/03/$l  7.00  ©2003  IEEE. 


Calculation  of  Non-Axisymmetdcal  Parabolic  Reflector  Antennas 


Fig.  3. 

angles  </>,  y?  are  counted  from  axis  Oy  in  plane  of 

aperture  of  parabolic  reflector  antenna. 

Beam  scanning  (deviation  of  irradiation  maximum 
by  angles  ipc,  Fig.2)  takes  place  as  a  result  of 

change  of  inclination  angles  of  paraboloid  in  azi¬ 
muthal  or  elevation  planes  (or  displacement  of  an¬ 
tenna  radiator  along  line  by  some  angles). 

Computer  programs  were  developed  and  carefully 
tested.  Testing  of  programs  was  realized  by  experi¬ 
mental  data. 

Two  pyramidal  horns  were  considered  as  antenna 
radiators: 

1) with  the  aperture  of  55  x  55  mm,  length  of 
150  mm,  horizontal  polarization,  frequency  of  5  GHz, 

2)  with  squared  output  23  x  23  mm  and  transition 
to  the  rectangular  section  of  23  x  10  mm  at  an  angle  of 
45"^ ,  horn  aperture  of  50  x  50  mm,  length  of  85  mm, 
horizontal  polarization,  frequency  of  8  GHz,  Fig.3. 

The  first  horn  excited  a  non-axisymmetrical  parabolic 
reflector  antenna  1  (t/^niax  =  49°  is  the  direction  of 


0 

0 

if> 

fN 

300  , 

Fig.  4. 


Fig.  5. 

maximum  radiation  of  antenna  radiator)  with  parameters 
of  reflector  =  20° ,  -02  —  80° ,  /  =  16  cm, 

Ri  =  10.604  cm,  Ri  =  17.674  cm,  the  second  horn 
was  used  for  irradiation  of  non-axisymmetrical  parabolic 
reflector  antenna  2  (Fig.4)  ('i/^max  =  45°)  with  parame¬ 
ters  of  reflector  =  0° ,  i/;2  —  76° ,  /  =  16  cm, 
Ri  =  12.5  cm,  R2  =  15  cm. 

Usually,  it  is  accepted  to  use  not  the  volumetric 
RP,  but  its  sections  in  fixed  main  planes.  For  that, 
first,  elevation  RP  (main  vertical  pattern)  was  plotted, 
then,  after  angle  6c  is  defined,  calculation  of  RP  of 
non-axis-symmetric  parabolic  reflector  antenna  in 
azimuthal  plane  (perpendicular  plane  xOy  and  pass¬ 
ing  through  maximum  pattern)  was  carried  out. 

3.  Results  OF  Research 

The  investigations  of  non-axisymmetrical  parabolic 
reflector  antenna  RP  were  carried  out  at  rotation  of 
reflector  in  vertical  and  horizontal  planes. 

Fig.  5  shows  the  good  agreement  of  the  obtained 
results  (long  dashed  line)  to  the  measured  data  (solid 
line)  for  the  RP  of  non-axisymmetrical  parabolic  re- 
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fleeter  antenna  2  at  scanning  in  azimuth  plane  (E- 
polarization  pattern). 

Radiator  antenna  2  was  in  the  focus  of  parabolic  re¬ 
flector.  Scanning  was  performed  at  azimuthal  rotation 
of  reflector  by  angle  .  Possibly,  some  noncoinci¬ 
dence  of  patterns  for  ^  =  40°.. 65°  is  explained  by 
the  fact  that  the  aperture  of  reflector  was  approxi¬ 
mated  for  calculation  either  by  a  rectangle  or  an  el¬ 
lipse  and  additionally  points  of  reflector  turning  were 
different  in  calculation  (axis  1,  Fig.4)  and  measure¬ 
ment  (axis  2,  Fig.4). 

Figs.6-8  show  the  calculated  RPs  of  non- 
axisymmetrical  parabolic  reflector  antenna  I  with  first 
radiator  by  azimuth  scanning  (E-polarization  pattern), 
angle  of  rotation  is  attributed  to  eveiy  pattern.  In  addi- 
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Fig.  10. 

tion,  elevation  turning  of  reflectors  were  0°  (Fig.6), 
30°  (Fig,7),  -10°  (Fig.8)  in  the  vertical  plane. 

Figs.9-10  show  the  calculated  elevation  patterns  of 
non-axisymmetrical  parabolic  reflector  antenna  1  with 
first  radiator,  angle  of  rotation  is  attributed  to  every  pat¬ 
tern.  Azimuthal  turn  was  0°  (Fig.9),  -10°  (Fig.  10). 

4.  Conclusion 

The  presented  results  show  that  it  is  possible  to  build 
non-axisymmetrical  parabolic  reflector  antennas  with 
scanning  of  pattern  at  a  wide  sector  of  angles  (±90° 
in  azimuthal  plane  with  diminution  of  signal  to 
-7  dB).  An  angle  of  deviation  of  pattern  from  direc¬ 
tion  e  =  0°  conforms  to  angle  of  turn  of  reflector 
about  with  factor  1.5.  The  elevation  pattern  is  much 
wider  than  the  azimuthal  pattern  and  deviation  of  pat¬ 
tern  is  performed  close  to  angle  2V.’  with  turn  of  re¬ 
flector  to  some  angle  ip  . 
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Abstract 

The  combined  reflector-lens  antenna  having  the  common  monopulse  feed  system 
is  proposed  for  changing  the  sum  and  difference  patterns  width  by  turning  of  lamel¬ 
late  subreflector.  Such  an  antenna  allows  one  to  improve  a  target  detection  probabil¬ 
ity  with  the  same  tracking  accuracy.  Information  for  antenna  designing  is  done.  The 
prototype  antenna  measurements  are  discussed. 

Keywords’.  Monopulse  antenna,  monopulse  feed  system,  Cassegrain  antenna. 


1.  Introduction 

The  monopulse  reflector  antennas  designed  according 
to  Cassegrain  scheme  possess  a  high  directivity.  That 
provides  adequate  tracking  accuracy  [1,2].  At  once 
detection  probability  for  high-speed  targets,  existing 
at  small  distances  is  inadequate  in  view  of  speed  limi¬ 
tation  of  the  antenna  drive  mechanism.  Proposed 
combined  reflector-lens  monopulse  antenna  allows 
this  collision. 

In  combined  antenna  design  beside  two-reflector 
Cassegrain  antenna  exists  a  lens  antenna,  which  has  a 
wider  beam.  Apparently  that  in  case  of  the  wide-beam 
scanning  target  search  duration  decreases.  After  the 
hold  of  the  target  by  the  lens  antenna  pattern,  take 
place  commutation  to  the  sum-difference  pattern  of 
the  Cassegrain  antenna.  Thus  the  adequate  detection 
probability  and  tracking  accuracy  are  provided. 

2.  Combined  Antenna  Principle 

Principle  and  structure  of  the  combined  monopulse 
antenna  are  illustrated  by  the  photo  and  scheme  in 
Fig.  1.  The  feed  horn  phase  center  is  situated  in  the 
point  FI,  which  is  the  focus  of  hyperbolic  subreflec¬ 
tor  2,  and  the  focus  of  lens  3,  According  to  the  classic 
Cassegrain  scheme  [1]  the  focus  F2  of  the  parabolic 
reflector  4  is  combined  with  the  far  focus  of  the  hy¬ 
perbolic  subreflector  2.  Subreflector  is  made  as  a  grid 
consisting  of  lamellas  and  mounted  with  possibility  of 
rotation  round  the  OZ  axis  of  the  antenna. 

In  Fig.  1  antenna  version  for  H  -polarized  subreflec¬ 
tor  setting  (H  field  vector  is  parallel  to  the  lamellas  of 
the  grid)  is  shown.  In  this  case  the  wave  radiated  by  the 
feed  horn  passes  thorough  the  subreflector  to  the  lens, 
which  forms  a  wide  pattern  (see  ray  1). 


If  the  subreflector  is  turned  to  angle  90°  the  wave, 
radiated  by  the  feed  horn,  is  reflected  by  the  subre¬ 
flector  to  the  reflector,  which  forms  a  narrow  pattern 
(see  ray  2). 


Fig.  1.  Reflector-lens  monopulse  antenna:  1  -  feed 
horn;  2 -hyperbolic  grid  subreflector; 
3  -  dielectric  lens;  4  -  parabolic  reflector; 
5  -  sum-difference  waveguide  system. 
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b)  Ax  -  pattern  c)  Ay  -  pattern 

Fig.  2.  Scheme  of  monopulse  feed  system  excitation. 


in  the  both  horns  (see  Fig.  2a)  we  obtain  the  sum  pat¬ 
tern,  for  antiphase  -  the  difference  elevation  pattern 
(see  Fig.  2b).  For  inphase  H20  signals  (see  Fig.  2c) 
we  obtain  the  difference  pattern  in  azimuth  plane. 

The  sum-difference  system  scheme  is  illustrated  in 
Fig.  3a.  For  separation  Hjq  and  H^o  wave  types  in  the 
two-mode  waveguide  with  cross-section  a/,  x  we 
have  designed  the  wave  types  selector  (see  Fig.  3b).  It 
consists  of  stepped  transition  from  the  waveguide  with 
cross-section  a/^  xbj^  (port  I)  to  the  waveguide  with 
standard  cross-section  x  6/,  (port  3)  and  rectangular 
slot  for  coupling  to  the  standard  waveguide  (port  2). 
The  coupling  slot  is  manufactured  in  the  center  of  the 
wide  waveguide  wall  o/,  It  has  minimal  width  and 
does  not  disturb  the  Hio  mode.  The  stepped  transition 
reflects  the  H^o  mode.  Its  dimensions  and  the  distance 
from  the  slot  were  calculated  to  obtain  maximum  tran¬ 
sition  coefficients  T13  and  T12  from  the  two-mode 
waveguide  to  the  port  3  for  the  Hjo  mode  and  to  the 
port  2  for  the  H20  mode. 

Difference  signal  Ay  is  obtained  by  summation  of 
signals  from  the  side  ports  of  the  selectors  in  a 
matched  E-tee.  Sum  signal  and  difference  signal  Ax 
are  obtained  by  separation  of  inphase  and  antiphase 
components  of  the  sum  of  the  Hjo  modes  in  the  E- 
H-tee  (see  Fig.  3a). 


a) 


b) 

F^.3.  Sum-difference  waveguide  system,  a)  scheme; 
b)  wave  types  selector. 

Thus  proposed  combined  reflector-lens  antenna  has 
a  pleasing  individuality  -  common  feed  system  for 
both  reflector  and  lens  antennas. 

Monopulse  feed  system  consists  of  the  double¬ 
mode  pyramidal  horn  1  and  the  sum -difference 
waveguide  system  5.  There  are  three  waveguide  ports, 
marked  as  Z,  Ax,  Ay. 

We  have  developed  the  original  design  of  the  mo¬ 
nopulse  feed  system  albeit  many  technical  solutions 
are  described  in  literature  (see,  for  example,  [3]).  The 
double-mode  horn  contains  the  metal  baffle-board 
symmetrically  mounted  in  H -plain.  As  a  result  we 
have  two  horns  with  throat  cross-section  aj,  x 
which  are  connected  to  sum -difference  system  ports. 
Waveguide  cross-section  is  chosen  so  that  Hio  and 
H20  modes  could  propagate.  For  inphase  Hjo  signals 


3.  Computation  and  Prototype 
Antenna  Measurements 

The  basic  parameters  for  designing  of  horn-lens  and 
reflector  antennas  are  directivities  and  side-lobe  lev¬ 
els.  Diameter  of  parabolic  reflector  was  predefined. 
Calculation  of  radiation  patterns  of  reflector  antenna 
and  lens  antenna  was  done  by  aperture  method  [4]  for 
the  different  parameters  of  subreflector,  horn  and  lens. 
As  a  result  optimum  design  of  both  antennas  was 
found  by  heuristic  method. 

Field  explanation  on  the  horn  aperture  was  as¬ 
sumed  as  sum  of  Hjo  and  H20  modes  and  horns  ra¬ 
diation  field: 

F{e,ip)  =  F0{e,ip){A,Fi{e,ip)  -f  A2F2{e,ip))AF{e,ip), 

where  Aj ,  A2  -  amplitudes  of  Hjo  and  H2n  modes 
on  the  horn  aperture;  FO,  FI,  F2  -  are  the  patterns 
of  rectangular  aperture  with  dimensions  axh  which 
is  excited  by  one  of  the  such  modes: 


F0{e,^) 


_  1  -I-  cos(^) 


FK0,<p)  =  ^ 


F2{6,(p)  -  -jna 


s{6)  b  sin(^  sin(g)  sin(y;)) 
2  ^  sin(0)  sin((^) 

cos(^  sin(0)  cos((^)) 

(f)^  -  (t  sin(0)  cos(<^))^ 
sin(^  sin(0)  cos((p)) 

TT^  —  sin(0)  COs(((5)j^ 
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Fig.  5.  Monopulse  feed  hom  H  -plane  patterns. 
—  -  calculation,  o  -  sum  pattern,  (measure¬ 
ment),  □  -  difference  pattern  (measurement). 


Fig.  4.  Transmission  coefficient  and  reflection 
coefficient  R^;  i,j  =  1,2,3  -  waveguide 
selector  ports  (see  Fig.  3). 

AF  is  grid  factor  for  the  two  rectangular  plates, 
which  is  separated  one  from  the  other  by  metal  parti¬ 
tion  with  the  thickness  2h  and  with  excitation  ampli¬ 
tudes  ratio  A>1 : 

AF{6,(p)  —  exp|— •  siiK^j  4- 

For  the  defining  of  antenna  directivity  obtained 
pattern  is  normalized  to  the  coefficient: 

sin  6d(pd6 

Having  analyzed  the  result  of  calculations  we  have 
chose  such  antenna  parameters: 

•  parabolic  reflector  with  aperture  1200  mm  and 
focal  length  500  mm; 

•  feed  hom  with  aperture  in  E  -plane  44  mm,  in 
H  -plane  62  mm,  partition  thickness  1.6  mm; 

•  hyperbolic  subreflector  with  aperture  230  mm, 
focal  length  82,6  mm,  eccentricity  2.25; 

•  single  surface  dielectric  lens  with  hyperbolic  sur¬ 
face,  aperture  230  mm,  focal  length  66  mm,  eccen¬ 
tricity  1.73,  dielectric  constant  e  —  S. 

Selector  parameters  were  calculated  by  accurate 
methods.  Computation  programs  were  worked  out  in 
the  department  of  computational  electromagnetics 
IRE  NASU.  Fig.  4  shows  transmission  and  reflection 
coefficients  vs.  frequency.  Central  frequency  of  the 
selector  is  13.75  GHz. 

Calculated  H  -plane  patterns  of  the  hom,  lens  an¬ 
tenna,  reflector  antenna  are  explained  in  Fig.  5,  Fig.  6, 
Fig.  7,  correspondingly.  Measured  patterns  are  shown 
in  the  same  place. 

It  is  a  good  correspondence  of  the  calculations  and 
measured  results  for  the  H  -plane  within  the  patterns 


Angle,  dgr. 


Fig.  6.  Hom-lens  antenna  H  -plane  patterns. 
—  -  calculation,  o  -  sum  pattern,  (measure¬ 
ment),  n  -  difference  pattern  (measurement). 


Angle,  dgr. 


Fig.  7.  Cassegrain  antenna  H  -plane  patterns. 
—  -  calculation,  o  -  sum  pattern,  (measure¬ 
ment),  □  -  difference  pattern  (measurement). 


main  beam.  Measured  side-lobes  for  the  lens  antenna 
and  the  reflector  antenna  are  higher  then  calculated 
levels.  Additional  scattering  and  aperture  blockage  of 
designs  units  that  did  not  take  into  account  in  calcula¬ 
tions  cause  it. 

For  the  E  -plane  patterns  it  is  the  same  correspon¬ 
dence  of  the  calculations  and  measurements  within  the 
patterns  main  beam.  Measured  side-lobes  for  the  E  - 
plane  is  less  then  for  the  H  -plane  by  2... 3  dB. 
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Finally  let  us  describe  the  grid  subreflector  design 
procedure.  Functional  destination  of  the  grid  is  abso¬ 
lute  reflection  of  the  E  -polarized  wave  and  absolute 
transmission  of  the  H  -polarized  wave  in  bandwidth. 
Grid  consists  of  metal  rectangular  lamellas  in  air 
(e  =  1).  Calculation  of  the  geometrical  parameters 
was  made  with  help  of  the  model:  we  replaced  inci¬ 
dent  wave  beam  by  the  plane  wave  and  hyperbolic 
reflecting  surface  by  the  plane  surface.  For  such  re¬ 
placing  we  went  by  the  small  variation  of  reflection 
coefficients  and  transmission  coefficients  within  the 
confines  of  the  small  incidence  angles  [5].  For  chosen 
grid  pitch  -  5  mm  and  lamella  thickness  -  1  mm  was 
calculated  grid  high  -  10.3  mm.  In  this  case  reflection 
coefficient  for  E -polarized  wave  and  transmission 
coefficient  for  H -polarized  wave  were  not  less  then 
99.99%  in  bandwidth.  Measurement  for  the  plane  grid 
model  had  a  good  correspondence  with  the  calcula¬ 
tion.  Thus  the  subreflector  was  manufactured  as  grid 
consists  of  lamellas  having  hyperbolic  top  and  bottom 
edges  10.3  mm  distant.  Difference  of  the  measured 
Cassegrain  antenna  patterns  for  the  cases  of  solid 
subreflector  and  grid  subreflector  lies  within  the  con¬ 
fines  of  measurement  inaccuracy. 
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Abstract 

Results  of  modelling  of  an  ultra-wide  feed  built  on  a  basis  on  log-periodic  dipole 
antenna  by  a  finite  differences  time  domain  method  have  been  submitted.  Structurally 


the  feed  is  the  H-plane  array  of  single  log- 
been  verified  by  experimental  data. 


1.  Introduction 

Wideband  and  ultra-wideband  log-periodic  dipole 
antennas  (LPDA)  are  widely  used  as  feeds  for  re¬ 
flector  antennas  for  various  purposes.  Advantages 
of  the  feeds  are  the  capability  of  maintenance  of  the 
radiator  pattern  in  all  operating  frequency  band¬ 
width  [1].  In  this  paper  the  results  of  synthesis  of 
geometry  of  the  ultra-wideband  feed  built  as  a  bi¬ 
plane  array  of  two  log-periodic  structures  as  well  as 
experimental  results  are  presented. 

2.  Calculation  of  Irradiator  by  the 
Finite  Differences  Timedomain 
Method 

The  LPDA  consists  of  antennas  of  linear  vibrators 
(Fig.  1).  Lengths  and  distances  between  vibrators 
are  changed  in  a  geometrical  progression  with  a 
parameter  r  <  1, 0 .  The  parameter  S  represents 
the  distance  (in  lengths  of  waves)  between  the  half- 


■periodic  antennas.  Numerical  results  have 


wave  and  next  (smaller)  vibrator.  The  size  S  is 
related  to  r  as  5  =  0,25(1  —  r)ctga:,  where  a  is 
the  angle  between  an  axis  of  the  aerial  and  a  line 
which  is  pass  through  the  ends  of  vibrators.  Vibra¬ 
tors  are  raised  with  a  variable  phase  a  symmetric 
line  of  constant  wave  resistance.  Geometry  of  the 
LPDA  (lengths  of  vibrators  and  distances  between 
them)  are  defined  under  the  known  formulas: 

h  “  ^  ^  Tn  iF  In  I  ’ 

Calculation  of  characteristics  of  radiation  is  car¬ 
ried  out  with  the  help  of  method  FDTD  [2]  which 
represents  the  direct  numerical  solution  of  the  sys¬ 
tem  of  the  differential  Maxwell  equations  concern¬ 
ing  electric  and  magnetic  fields  under  the  boundary 
conditions  and  conditions  of  excitation  of  structure 
in  time.  Thus  completely  closed  algorithm  provides 
modelling  of  excitation,  distribution,  scattering  and 
radiation  of  an  electromagnetic  field  byconsidered 
metal-dielectric  structure  in  time  domain.  The  sub¬ 
sequent  application  of  the  discrete  or  the  fast  Fourie 
transformation  (DPF  or  BPF  accordingly)  gives  the 
full  characteristic  of  behaviour  of  object  in  the  in¬ 
teresting  range  of  frequencies  at  the  set  of  pre¬ 
sented  type  of  excitation.  Results  of  calculations  of 
feed  radiation  patterns  for  two  frequencies  are 
shown  in  Fig.  2.  The  LPDA  radiation  patterns  at 
high  frequencies  appear  deformed  as  a  result  of 
excitation  of  the  higher  harmonics  of  a  current  at 
the  LPDA  structure. 

Besides  one  can  see  in  the  Fig.2  that  beemwidth 
in  the  H-plane  is  essentially  wider,  than  in  the  E- 
plane.  In  order  to  obtain  axissimmetrical  radiation 
pattern  the  feed  is  built  as  the  array  of  two  optimized 
single  LPDA.  The  general  view  of  the  synthesized 
feed  is  shown  in  Fig.  3. 
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Fig.  3.  A  general  view  of  the  feed. 


3.  Results  OF  EXPERIMENTAL 

RESEARCHES 

Results  of  measurements  of  radiation  patterns  of  the 
developed  feed  at  various  frequencies  are  shown  in 
Fig.  4-7.  Apparently  in  these  figures,  the  feed  pro¬ 
vides  the  radiation  patterns  close  to  axissimmetrical 
with  the  required  width  of  the  main  lobe. 


40  60 

Degrees 


Fig.  6  The  measured  radiation  patterns. 
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4*  Conclusion 

The  developed  feed  composed  of  the  two  LPDA 
meets  the  requirements  to  ultra-wideband  feeds  for 
axiallysymmetrical  reflector  antennas,  providing  both 
a  uniform  symmetric  irradiation  of  a  reflector  and  a 
necessary  low  level  of  an  irradiation  at  his  edges  in  all 
operating  bandwidth. 
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Abstract 

Comparison  of  the  efficiency  of  various  optimization  methods  in  the  problems  of 
the  focused  aperture  was  performed.  The  microwave  installations  of  exposed-type 
with  a  coherent  and  a  non-coherent  excitation  of  the  radiators  arc  considered.  The 
problems  of  two  types  (the  focusing  in  a  small  and  in  an  extended  area)  are  solved. 

Keywords:  efficiency,  focusing  aperture,  numerical  optimization,  criterion  of 
optimization 


1.  Introduction 

The  researches  on  the  expansion  of  the  spheres  of  applica¬ 
tion  of  microwave  electromagnetic  fields  are  actively  car¬ 
ried  out  in  recent  years.  In  a  number  of  works  [1,2],  the 
advantages  of  the  use  of  the  microwaves  fields  in  medi¬ 
cine,  biolog)',  agriculture  and  industiy  are  proven.  How¬ 
ever,  the  questions  of  the  increase  of  the  uniformity  of  the 
excitation  of  electromagnetic  fields  in  a  given  area  and  of 
the  decrease  of  the  level  of  the  electromagnetic  radiation 
outside  the  focused  area  are  not  solved. 

In  the  report,  the  exposed-type  microwave  installations 
(with  an  unlimited  volume)  are  considered.  Linear  antenna 
array  with  N  radiators  are  used  as  a  device  of  excitation  of 
the  microwave  fields.  The  radiators  are  located  on  the 
borders  of  a  media  in  the  process  and  radiate  inside  the 
media.  Two  essentially  different  ways  of  the  radiator  exci¬ 
tation  (coherent  and  non-coherent)  are  considered. 

By  analogy  to  the  antenna  array  theory,  it  is  possible  to 
assume  that  by  varying  the  parameters  of  radiating  system 
(complex  amplitudes  of  currents  and  the  geometry  of  an¬ 
tenna  array)  it  is  possible  to  increase  the  level  and  supply 
the  more  uniform  distribution  of  the  power  in  a  given  area. 

In  the  work,  the  optimization  of  radiating  system  is  un¬ 
derstood  as  such  a  choice  of  the  number,  the  complex 
amplitudes  of  currents,  and  the  coordinates,  of  the  sources 
at  which  the  distribution  of  power  of  electrical  field  tends 
to  the  given.  Using  the  terms  by  the  antenna  engineering, 
the  tasks  of  this  type  are  classified  as  a  task  of  creation  of 
the  focused  apertures.  Two  variants  of  similar  tasks  are 
considered  (focusing  in  small  area  (point)  and  focusing  in 
extended  area)  depending  on  the  size  of  the  focusing  area. 

In  the  report,  the  basic  attention  is  given  to  a  quantita¬ 
tive  rating  of  the  efficiency  of  focusing  at  various  meth¬ 
ods  of  optimization.  In  the  practical  recommendations, 
besides  the  absolute  value  of  the  received  effect,  the 
simplicity  of  a  realization  of  the  recommended  way  of 
optimization  is  taken  into  account. 


2.  The  Basic  Questions 

In  many  technological  processes  of  microwave  proc¬ 
essing  it  is  desirable  to  supply  allocation  of  the  maxi¬ 
mal  power  within  the  limits  of  focusing  area.  If  the 
focusing  area  has  the  extended  enough  sizes,  besides 
the  requirement  of  absorbed  of  maximal  power,  there 
is  a  requirement  of  uniformity  of  power  distribution 
inside  of  the  specified  area. 

In  work  [3]  a  task  of  optimization  of  excitation  in 
case  of  the  small  sizes  of  focusing  area  is  submitted 
as  follows: 

Jj,  Pj,ro,-id»i  ( I  /) ,  I  r') ,  r )  rf  K  ^max  ,  ( 1 ) 

where  V  —  is  the  volume  of  focusing  area. 

Criterion  of  the  solution  of  (1),  named  criterion  of 
power  efficiency,  is  the  value 

Q^  =  J^.PproM{\i),\r'),r)dV  .  (2) 

The  task  of  the  increase  of  the  uniform  distribution 
of  absorbed  power  in  case  of  enough  extended  sizes  of 
focusing  area  is  submitted  as  follows  [3]: 

(3) 

where  f;„i„  -  minimal  value  of  absorbed  in  focusing 
area  power.  Criterion  of  the  solution  of  (1),  named 
criterion  of  increase  of  uniformity,  is  the  value  : 

Qi  -  ^niii  (jf), !’■'), r) .  (4) 

The  following  condition  is  considered  as  a  restric¬ 
tion  at  the  solution  of  problem  (4): 

i  l/)ll  =  Pmmdy  =  const  (5) 

The  condition  (5)  allows  to  increase  the  uniformity  of 
the  absorbed  power  in  focusing  area. 

The  controlled  variables  in  the  optimization  of  excita¬ 
tion  devices  are  the  coordinates  of  radiators  determining 
geometry  of  system,  and  complex  amplitudes  of  currents 
of  radiators  (  /j ,  i  -  1, . . .  JV  ). 
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At  a  coherent  excitation  of  radiators  the  general  task  of 
optimization  is  solved  for  special  cases:  Optimization  of 
amplitude  (amplitude  optimization),  phases  (phases  opti¬ 
mization),  amplitude-phases  (amplitude-phases  optimiza¬ 
tion),  and  elements  locations  definitions  (geometry 
optimizations).  At  noncoherent  excitation  of  radiators  are 
optimized  the  amplitudes  and  geometry  of  antenna  array. 

In  general  case  the  solution  of  problems  (1),  (3)  by 
analytical  methods  is  impossible,  therefore  optimization 
was  realized  by  numerical  methods. 

3.  The  Calculation  Results 

At  realization  of  calculations,  the  device  of  excitation  is 
represented  as  set  of  sources,  each  of  which  creates 
elementary  electromagnetic  fields  in  a  supervision 
point.  The  exact  definition  of  elementary  electromag¬ 
netic  fields  represents  a  rather  difficult  electrodynamic 
task,  which  can  be  solved  only  for  a  concrete  variant  of 
microwave  installation. 

In  work  [4]  for  calculations  of  elementary  electro¬ 
magnetic  fields  inside  plane-layered  semiconductor  me¬ 
dia,  the  field  created  by  electrical  dipole  are  considered. 
After  finished  the  transients,  in  each  layer  of  structure  are 
present  two  flat  arbitrary  polarized  waves  -  falling  and 
reflected.  However  the  obtained  in  [4]  formulas  are  not 
so  convenient  for  realization  of  large  volume  of  calcula¬ 
tions  by  the  COMPUTER  because  they  too  large. 

In  work  [3]  are  used  the  simplified  model  of  elemen¬ 
tary  electromagnetic  fields.  In  this  case  elementary 
electromagnetic  field  is  as  a  field  created  by  elementary 
electrical  dipole  disposed  on  the  border  air-media  in¬ 
side  infinite  semiconductor  media.  Electromagnetic 
field  is  represented  as  a  fading  spherical  wave. 

In  a  distant  zone  (r  >  A,,^  /^tt),  the  results  ob¬ 
tained  from  the  exact  and  the  approached  model,  have 
a  good  degree  of  concurrence.  Therefore,  if  the  focus¬ 
ing  area  is  located  in  a  distant  zone  of  radiation,  the 
use  of  the  approached  model  is  quite  justified. 

The  model  of  exposed-type  installation  for  coherent 
excitation  of  radiators  is  shown  in  Fig.  1.  For  the  case 
of  noncoherent  excitation  each  radiator  is  connected  to 
the  separate  generator. 

The  calculations  was  carried  out  for  a  fatty  fabric 
having  typical  electrical  parameters  among  processable 
medias.  The  quantity  of  radiators  was  various  from  3 
up  to  19,  distance  between  them  (except  for  cases  of 
optimization  of  geometry)  gets  out  equal  A^^^  /  2 .  The 
depth  of  location  of  focusing  area  inside  absorbed  me¬ 
dia  was  equal  10  cm, 

The  results  of  investigations  have  shown,  that  analyti¬ 
cally  can  be  solved  only  task  of  phases  optimization  (for 
coherent  excitation)  and  task  of  amplitude  optimization 
(for  non-coherent  excitation)  in  case  focusing  at  point.  All 
other  tasks  have  no  analytical  solution,  are  multi-extreme 
and  the  values  of  local  maximums  appropriate  of  various 
quasi-optimal  kinds  of  excitation  differ  rather  considera¬ 
bly.  The  found  results  depend  on  a  ratio  of  the  sizes  of 
focused  area  and  antenna  airay,  kind  of  semiconductor 
media,  start  point  of  optimization. 

At  coherent  excitation  of  radiators  the  increasing  of  ab¬ 
sorbed  power  in  focusing  point  is  equal  from  6.6  up  to 
9dB  for  different  optimization  methods  in  comparison 
with  excitation  of  radiators  with  equal  amplitudes  and 


phases  (uniformly  excitation).  At  non-coherent  excitation 
of  radiators  the  increasing  of  absorbed  power  in  focusing 
point  makes  about  6  dB.  Thus,  at  case  of  focusing  in  a 
point  the  efficiency  of  coherent  excitation  is  higher. 

The  distribution  of  absorbed  power  on  focusing  line 
for  various  quasi-optimal  kinds  of  coherent  excitation 
of  radiators  is  shown  in  Fig.  2,  for  non-coherent  excita¬ 
tion -in  Fig.  3. 

Comparison  of  efficiency  of  various  methods  of  opti¬ 
mization  for  coherent  excitation  of  radiators  is  shown  in 
Fig.  4.  The  obtained  results  showed  that  optimization  of 
amplitudes  and  phases  allows  to  increase  and  distri¬ 
bution  of  absorbed  capacity  in  focusing  area  becomes 
more  uniform,  however  effect  from  amplitude  optimiza¬ 
tion  more.  The  consecutive  amplitude  and  phase  optimiza¬ 
tion  allows  a  little  to  increase  in  comparison  with 
amplitude  optimization,  but  this  increasing  is  insignificant. 
The  optimization  of  radiators  location  by  efficiency  is 
comparable,  but  more  often  surpasses  all  other  kinds  of 
optimization.  The  increase  of  ,  absorbed  on  a  focus¬ 
ing  area  are  equal  from  0.4  up  to  8.0  dB  for  different  me¬ 
dias,  ratio  of  the  sizes  of  focusing  line  and  antennas  array, 
start  points  of  optimization.  At  absence  of  the  additional 
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Number  of  radiators 

Fig.  7. 

information,  as  a  start  point  of  numerical  optimization  it  is 
expedient  to  use  location  of  radiators  with  equal  distance, 
amplitudes  and  phases. 

'Hie  basic  conclusions  obtained  for  non-coherent  excita¬ 
tion  of  radiators  practically  coincide  with  a  case  of  coher¬ 
ent  excitation  of  radiators.  The  range  of  increase  of  values 
‘^nin  1  absorbed  on  focusing  line,  equal  from  0.25  up  to 
7.5  dB  (Fig.  5)  for  different  semiconductor  medias,  of 
sizes  of  focusing  area  and  start  points  of  optimization.  The 
comparison  of  the  efficiency  of  optimization  for  coherent 
and  non-coherent  excitation  of  radiators  (Figs.  6, 7)  shows 


advantage  of  coherent  excitation.  The  largest  distinction 
between  coherent  and  non-coherent  excitation  of  radiators 
is  obtained  in  case  of  optimization  of  geometry  of  antenna 
anay.  P,„j„  in  the  case  of  coherent  excitation  exceeds 
similar  value  for  non-coherent  excitation  more  than  3  dB. 
The  difference  in  values  by  optimization  of  complex 
amplitude  eurrents  equal  from  1 .5  up  to  2.5  dB. 

4.  Conclusion 

The  carried  out  investigated  showed  the  efficiency  of  the 
use  of  the  methods  of  the  focused  apertures  for  increase  of 
the  level  and  uniformity  of  distribution  of  power  inside 
limited  area.  Thus,  the  level  of  power  outside  focusing 
area  decreased.  It  enables  to  reduce  the  time  of  processing 
and  also  to  improve  the  quality  of  production. 

On  the  basis  of  the  investigations  the  practical  recom¬ 
mendations  for  designing  technological  microw'aves  in¬ 
stallations  are  produced.  Comparison  of  efficiency  of 
optimization  for  coherent  and  noncoherent  excitation  of 
radiators  shows  advantage  of  coherent  excitation  in  case  of 
focusing  in  point.  At  the  extended  sizes  of  focusing  area 
also  more  expediently  using  coherent  excitation  of  radia¬ 
tors.  The  exception  from  this  statement  is  two  cases,  at 
which  efficiency  of  optimization  for  coherent  and  nonco¬ 
herent  excitation  of  radiators  approximately  equal:  case  of 
phases  optimization  and  size  of  focusing  line  a  little  more 
length  of  antenna  array  (Fig.  6),  and  also  case  of  optimiza¬ 
tion  of  geometry  and  size  of  focusing  line  approximate 
equal  a  half  of  antenna  array  length  with  step  A,„  /  2 . 

At  comparison  of  various  ways  of  excitation  of  work¬ 
ing  chambers  it  is  necessary  to  take  into  account  and  cost 
factor:  now  cost  of  1  W  of  MICROWAVE  ENERGY  for 
magneton  with  middle  power  approximate  in  2...5  times 
are  lower  in  comparison  with  powerful  magnetrons,  there¬ 
fore  cost  of  installation  of  equal  power  assembled  by  a 
principle  of  coherent  excitation  will  be  in  some  times 
more  perspective,  than  constructed  on  a  principle  of  non¬ 
coherent  summation. 
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Abstract 

The  most  widespread  ways  of  guidance  of  antenna  system  on  a  space  vehicle  (SV) 
provide  for  usage  of  additional  equipment  (radio  beacon)  onboard  of  space  vehicle, 
that  reduces  in  additional  expending  of  its  power  resources.  In  the  paper  it  is  offered 
to  abandon  GPS  receiver  and  transmitter  of  a  radio  beacon  at  the  expense  of  usage  of 
improved  antenna  system,  which  ensures  its  self-steering  on  a  signal  of  an  informa¬ 
tion  channel  in  a  monopulse  mode.  It  is  offered  to  use  for  this  aim  a  multimirror  an¬ 
tenna  system  as  large  module  antenna  consisting  of  4  not  rotationally  symmetric 
mirror  antennas,  which  allows  one  to  provide  reliability  of  the  useful  information  re¬ 
ceiving  with  desired  quality. 

Keywords:  the  antenna  system,  monopulse  self-steering,  self-steering  on  an 
information  signal. 


1.  Introduction 

The  space-communication  systems,  navigation  sys¬ 
tems  (GPS,  NavStar  etc.),  satellite  television  etc.  are 
widely  used  in  the  life  of  a  modem  society.  The  near- 
earth  space  saturated  with  the  satellites  of  the  different 
countries  solving  different  tasks.  Thus  all  space  vehi¬ 
cles  require  controlling,  adjusting  of  a  trajectory  in 
on-ground  servers  by  receiving  information.  However, 
the  growth  of  SV  quantity  is  not  fundamental  problem 
yet.  The  tasks,  which  are  solved  by  modem  SV,  re¬ 
quire  implementation  of  more  and  more  high-speed 
streams  of  information.  In  this  view  the  problem  of 
development  of  a  different  kind  of  on-ground  servers 
which  allows  one  to  satisfy  growing  requirements  to 
quality  and  reliability  of  a  receiving  stream  of  infor¬ 
mation  are  very  actual  [1]. 

The  growth  of  a  receiving  information  stream  re¬ 
quires  boosting  a  signal  to  noise  ratio.  Magnifying  of 
this  ratio  on  an  antenna  system  input  is  possible  only  by 
reduction  of  a  width  of  antenna  patterns,  that  consid¬ 
erably  diminish  the  direction-finding  characteristics  of 
the  on-ground  server  and  can  reduce  in  impossibility  of 
capture  of  space  vehicle  and  increase  of  probability  of 
failure  of  attending  during  a  session  [3].  This  problem 
is  solved  in  the  on-ground  servers,  in  which  the  pro¬ 
gram  guidance  for  SV  under  the  information  from  GPS 
receiver  installed  onboard  is  implemented. 

In  the  paper  another  approach  for  solving  this  prob¬ 
lem  is  developed,  namely,  to  implement  a  monopulse 


self-steering  on  an  information  signal,  and  thus,  it  is 
possible  to  expect  reduction  of  losses  in  a  feeder  cir¬ 
cuit  and  reduction  of  interferences,  which  act  in  a  re¬ 
ceiving  system  on  side  lobes. 

2.  Formulation  of  the  Problem 

As  is  known,  monopulse  self-steering  can  be  realized 
by  an  amplitude  and  phase  method.  The  distinctive 
difference  of  methods  is  as  follows: 

•  the  amplitude  method  -  it  is  necessary  overlap 
phase  centers  of  two  radiating  units  for  which  the 
antenna  pattern  are  separated  from  each  other  on 
an  angle  equal  to  their  width  on  a  level  of  a  half  of 
power; 

•  the  phase  method  ~  the  identical  patterns  are  nec¬ 
essary  and  diversity  of  phase  centers  of  two  radiat¬ 
ing  units  on  some  removal  d  have  to  be  equal  to 
half  of  an  aperture  of  radiating  unit  (if  radiating 
unit  -  aperture  type)  is  necessary. 

Usually,  amplitude  method  of  direction-finding  is 
implemented  as  one  aperture  antenna  with  a  system 
consisting  of  4  feed  antennas.  In  a  monopulse  method, 
of  matching  of  amplitudes  for  determination  of  an 
error  in  one  coordinate  plane  two  overlapped  pattern 
of  an  antenna  are  used.  Such  two  beams  can  be  shaped 
by  one  reflector,  or  lens  antenna  irradiated  with  two 
feed  antennas.  The  sum  patterns  are  used  for  transmit¬ 
ting,  and  for  receiving  the  sum  and  difference  pattern 
are  used. 
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Though  the  phase  comparison  is  the  constituent  of 
a  monopulse  method  of  amplitude  matching,  the  sig¬ 
nal  of  an  angular  error  is  gained  mainly  as  a  result  of 
matching  amplitudes  of  reflected  pulses  simultane¬ 
ously  received  by  displaced  beams.  The  ratio  of 
phases  between  signals  received  by  displaced  beams 
is  not  determined  and  is  not  used.  The  sign  of  an 
error  signal  is  determined  by  a  phase-sensitive  detec¬ 
tor.  Such  a  solution  is  not  optimal  one,  as  the  system 
of  high-frequency  sum-differented  processing  ap¬ 
pears  rather  complicated. 

For  solving  this  contradictory  task  for  creation  of 
a  monopulse  self-steering  system  operating  on  an 
information  signal,  it  is  necessary  to  satisfy  a  num¬ 
ber  of  the  requirements  that  are  able  to  provide  the 
necessary  accuracy  of  detection  and  attending  of  SV, 
and  also  organization  of  a  reliable  information  radio 
link  with  a  high  dataflow. 

This  task  can  be  solved  using  mirror  antennas  or 
phased  antenna  arrays.  Now,  receiving  on-ground  serv¬ 
ers  with  one-mirror  and  two-mirror  antenna  systems  are 
commonly  used  [2].  The  virtues  and  drawbacks  of  such 
types  of  antenna  systems  are  well  known.  Therefore 
there  was  a  necessity  of  the  development  of  such  a  con¬ 
struction  of  the  antenna,  which  would  integrate  virtues 
of  two-mirror  AS  (namely,  small  losses  in  an  informa¬ 
tion  channel)  and  one-mirror  AS  (ease  of  implementa¬ 
tion,  low  minor-lobe  level  etc.). 


Let's  consider  a  construction  of  such  a  multimirror 
system  as  large  modular  antenna  array  consisting  of 
four  rotationally  nonsymmetrical  (offset)  mirror  an¬ 
tennas  with  equivalent  diameter  of  an  aperture  of 
1,8  m.  The  scheme  of  such  ACE  represented  in  Fig.  1 . 

Such  an  engineering  solution  of  an  AS  ensures 
compact  arrangement  of  feed  antennas  by  partial 
channels,  that  allow  one  to  optimize  a  system  by  crite¬ 
rion  of  a  maximum  noise  Q-factor,  as  in  two-mirror 
variant  with  one-piece  reflector  element. 

Small  level  of  losses  of  receiving  information  sig¬ 
nal  is  provided  by  two  ways.  At  first,  the  design  of  the 
multimirror  AS  has  allowed  up  to  reduce  to  a  mini¬ 
mum  of  blockage  of  reflector  elements,  that  essen¬ 
tially  has  lowered  a  level  of  side  radiation;  secondly, 
it’s  exist  the  possibility  of  arrangement  of  pattern 
forming  system  and  first  stages  of  the  receiver  in  near 
proximity  from  feed  antennas,  that  allows  decreasing 
losses  in  a  feeder  circuit 

Simultaneously  in  such  AS  is  reached: 

•  increasing  of  common  square  of  the  aperture  of 
the  antenna  without  magnifying  its  total  mass,  that 
allows  warranted  to  implement  a  required  high 
amplification; 

•  increasing  of  a  moment  of  inertia  (almost  on 
50  %)  at  the  expense  of  reallocation  of  masses; 

•  increasing  on  20  %  of  wind  loads; 

•  ease  of  implementation  of  each  radiating  element 
of  an  array  with  possibility  of  an  independent 
alignment  of  channels  for  providing  a  mode  of 
monopulse  self-steering. 

The  phase  method  of  direction-finding  can  be  real¬ 
ized  at  the  expense  of  the  complication  of  the  aerial 
system.  The  target  sight  lines  for  each  antenna  are  par¬ 
allel,  owing  to  that  each  antenna  irradiates  (in  a  far- 
field  region)  the  same  size  of  space.  The  amplitudes  of 
signals  reflected  from  the  target  for  each  antenna  beam 
are  practically  identical,  but  the  phases  are  different. 
The  method  of  measurement  of  an  angle  of  arrival  by 
matching  phase  relations  of  signals  in  diverse  antennas 
of  a  radio  interferometer  is  widely  used  in  radio- 
^tronomy.  The  on-ground  server  of  attending  operat¬ 
ing  on  the  basis  of  usage  of  the  information  on  a  phase 
of  signals  is  similar  to  an  active  interferometer  and  can 
be  called  as  direction-finding  interferometer. 

For  angle  tracking  in  two  orthogonal  planes  it  is 
possible  to  use  four  antennas  located  on  pair.  One  of 
them  is  intended  only  for  transmission,  and  three  last 
for  receiving.  One  antenna  is  joined  to  the  receiving 
channel  of  an  elevation  angle,  another  -  to  the  receiv¬ 
ing  channel  of  a  Az,  and  third  —  to  the  common 
receiver  to  ensure  the  control  of  a  reference  signal  as 
for  elevation,  and  azimuth  receiver,  Fig.2 
The  radars  of  attending  based  on  a  principle  of 
phase  comparison,  were  implemented  in  practice  and 
satisfactorily  executed  tasks,  however  this  method  has 
not  found  wide  application.  It  can  be  explained  by 
following.  At  first,  the  minor-lobe  levels,  available  in 
real  antennas,  can  appear  above  than  minor-lobe  lev- 


262  International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Serastopol,  Ukraine 


On  a  Problem  of  Implementation  of  Monopulse  Self-Steeting  on  an  Information  Signal 


Target 


Fig.  2.  Phase  ratio  in  a  monopulse  direction  finder 
with  comparison  of  phases. 


Fig.  3.  The  scheme  of  multimirror  antenna  system  for 
phase  monopulse  self-steering. 


els  at  usage  of  a  single  reflector;  secondly,  in  radar 
with  a  phase  comparison  the  common  antenna  aper¬ 
ture  usually  is  used  ineffectively. 

Offered  AS  for  a  phase  monopulse  self-steering  on 
an  information  signal  provides  for  usage  of  four  mir¬ 
ror  antenna  system  installed  on  the  uniform  common 
support-rotating  device  (SRD),  Fig.  3.  As  elements  of 
such  AS  it  is  possible  to  use  a  two-mirror  AS  located 
on  controlled  movable  rods  and  facilitating  adjusting. 

Using  two-mirror  antenna  system  allows  one  to 
have  the  first  cascades  of  the  receiver  in  immediate 
proximity  ffoih  irradiators.  It  results  in  reduction  of 
losses  in  a  feeding  path. 

Simultaneously  in  such  an  AS  we  can  reach  the  fol¬ 
lowing: 

•  outcome  between  reception  and  transmitting  chan¬ 
nels  as  the  receiver  and  the  transmitter  work  on 
various  aerials; 

•  decrease  in  the  moment  of  inertia,  in  connection 
with  redistribution  of  weights,  on  with  a  uniform 
reflector; 

•  increasing  of  wind  loads. 

3.  Conclusion 

Applying  of  the  monopulse  antenna  system  for 
self-steering  on  an  information  signal  in  the  on¬ 
ground  server  for  receiving  of  an  information  from  a 
space  vehicle  allows  to  refuse  power-intensive 
equipment  on  space  vehicle  (radio  beacon,  GPS  re¬ 
ceiver)  saving  excellent  level  of  reception  of  large 
dataflow,  and  also  stable  detection  and  attending  of 
space  vehicle  during  a  session. 
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Abstract 

In  the  paper,  a  numerical  optimization  algorithm  for  the  hybrid  antenna  reflector 
shaping  is  considered.  As  an  example,  the  algorithm  is  applied  to  a  hybrid  antenna 
with  linear  feeding  array  for  one-dimensional  beam  steering  in  limited  sector. 

Keywords:  hybrid  antennas. 


1.  Introduction 

In  the  paper,  the  method  of  reflector  shaping  for  hy¬ 
brid  antennas  (HA)  with  one-dimensional  limited 
beam  steering  is  presented.  The  method  is  based  on 
the  algorithm  of  synthesis  of  a  shaped  reflector,  form¬ 
ing  a  contour  beam  pattern. 

The  considered  antenna  has  a  feed  array  that  is  sig¬ 
nificantly  smaller  than  the  reflector.  A  beam  steering 
sector  represents  a  two-dimensional  area,  in  which  the 
HA  should  form  a  beam.  The  area  determines  a  desired 
contour  pattern  of  the  antenna  element  partial  beam. 
This  desired  pattern  is  constant  in  the  area  of  beam 
steering  and  equals  zero  out  of  it.  The  reflector  of  HA 
is  synthesized  by  using  the  following  procedure.  Each 
element  of  the  feeding  array  jointly  with  the  reflector 
forms  its  partial  pattern.  The  reflector  is  synthesized  so 
that  each  partial  pattern  coincides  with  the  desired  pat¬ 
tern.  This  approach  allows  to  minimize  a  number  of 
controls  for  the  selected  beam  steering  sector.  The  pat¬ 
tern  coincidence  means  the  minimization  of  the  pat¬ 
terns  difference  (in  a  some  normalized  space). 

The  proposed  method  of  reflector  shaping  is  based 
on  the  algorithm  of  contour  beam  synthesis.  There¬ 
fore,  a  beam  steering  sector  can  be  both  one-  and  two- 
dimensional,  and  not  only  a  linear  but  of  any  arbitrary 
form  (Fig.  1). 

Below  the  algorithm  of  reflector  shaping  for  HA  is 
presented.  For  demonstration  of  the  algorithm,  we 
consider  two  examples:  1)  the  offset  HA  with  linear 
array,  scanning  in  the  sector  of  ±10*'  (beam width 
equals  1°),  2)  HA  with  curved  steering  sector  (with 
the  same  linear  array). 

In  addition,  reflector  aperture  efficiency  of  the  HA 
is  considered.  The  equation,  which  shows  the  limita¬ 
tion  on  the  maximal  efficiency  of  the  single  reflector 
HA,  is  presented. 

2.  Reflector  Parametrisation 

In  order  to  have  a  possibility  of  varying  a  reflector 
shape  it  is  necessary  to  give  a  parametric  representa¬ 
tion  of  the  reflector  surface. 


In  this  case,  optimization  of  the  reflector  means  the 
search  of  optimum  parameters  (an  optimum  paramet¬ 
ric  vector)  for  the  reflector  shape  representation. 

The  following  method  of  reflector  parameterization  is 
used  in  this  work  [1], 

An  antenna  aperture  is  covered  by  a  rectangular 
grid  (see  Fig.  2).  The  central  node  of  this  grid  is  fixed. 
All  other  nodes  can  move  along  OZ  toward  and  back. 
A  reflector  surface  is  determined  by  the  two- 
dimensional  cubic  spline  on  this  rectangular  grid.  Z- 
coordinates  of  moving  nodes  constitute  reflector  pa¬ 
rametric  vector,  denoted  as  .  This 

vector  is  searching  during  the  optimization  procedure 
of  reflector  shaping.  If  it  is  necessary  to  increase  a 
number  of  freedoms,  the  current  spline  is  recalculated 
on  a  more  fine  rectangular  grid  (with  lager  number  of 
nodes). 


Fig 


u  =  sin^  cos  9? 

1.  One-  and  two-  dimensional  steering  sectors. 
Z 

^  ,  A 


V 

Fig.  2.  Reflector  parameterisation. 
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Fig.  3.  Scheme  of  HA, 
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Fig.  4.  Scan  dependence. 
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Fig.  5.  Antenna  patterns  in  the  plane  of  the  beam 
steering. 


3.  Hybrid  Antenna  Reflector  Shaping 

Each  element  of  the  feeding  array  forms  its  partial 
pattern where  V  -[PuP2^-">VnY  is  an 
arbitrary  system  of  points  in  the  far  zone,  e  =  l...iV  is 
an  element  number.  Let  us  demand  the  coincidence  of 
each  partial  pattern  with  the  desired  pattern (p), 
determined  by  the  beam  steering  sector,  so 
G^(p,p)  =  G,(p),e-l...i\r. 

Combining  all  this  equations,  we  have: 


=  (?/“' (p). 


To  find  a  solution  of  this  system  we  minimise  the 
norm  of  the  distance  between  two  patterns: 

inin||G"’*‘"(p,p)-Gi‘’"‘'(p)||.  (I) 

Components  of  the  reflector  parametric  vector  repre¬ 
sent  optimisation  parameters.  For  solution  of  (1),  we 
sequentially  use  two  optimisation  algorithms:  non¬ 
linear  least  squares  algorithm,  which  minimises  square 
norm  lhli2,  and  minimax  algorithm,  which  minimise 
the  norm  of  the  maximum  deviation  ii  •  ilc5o  [  1  ]. 

4.  Example  of  the  Sysmem  Synthesis 

As  a  first  example,  let  us  consider  the  synthesis  of 
a  HA  with  beam  width  1®  and  steering  angle  ±10®  (see 
Fig.  3).  The  antenna  is  fed  by  the  linear  array  of  E- 
plane  open-end  rectangular  waveguides  with  a  =  1 .9  ^ 
and  b  =  where  =  22  X  is  the  array  length,  and 

=  32  is  the  total  element  number. 

As  an  initial  approximation  for  the  reflector  shap¬ 
ing,  the  surface  of  ideal  focuser  is  used  [2]. 

Dependence  of  the  maximum  antenna  gain  on 
beam  steering  angle  before  and  after  optimization  is 
shown  in  Fig.  4. 

According  to  geometrical  optics,  HA  with  focuser  re¬ 
flector  can  scan  in  the  sector  of  ±10®.  Owing  to  aperture 
phase  errors,  steering  sector  is  limited  down  to  ±6.5°. 

A  HA  with  shaped  reflector  can  scan  up  to  ±10® 
with  1  dB  gain  variations,  and  0.5  dB  gain  decrease  in 
centre  of  the  steering  sector. 

It  is  necessary  to  note  that  HA  with  shaped  reflec¬ 
tor  has  the  element  use  factor  of  the  value 
N  /  =  1.7 ,  which  is  a  good  result  for  the  hybrid 

antennas. 

Antenna  patterns  for  the  different  location  of  the 
steering  beam  are  shown  in  Fig.5. 

The  considered  above  results  were  obtained  by  us¬ 
ing  least  squares  algorithm.  This  means  that  in  equa¬ 
tion  (1)  we  use  a  square  norm  Il•!l2 .  It  is  necessary  to 
continue  optimization  of  the  HA  reflector  by  applying 
minimax  algorithm. 

The  obtained  gain/scan  dependence  is  shown  in 
Fig.  6.  In  this  case,  the  gain  variation  in  the  sector  of 
the  beam  steering  is  equal  to  0.3  dB. 

5.  Curvilinear  Sector  OF 
Beam  Steering 

It  is  possible  to  use  the  approach  described  above  for 
reflector  shaping  of  a  HA  with  curvilinear  sector  of 
beam  steering. 

In  the  second  example,  we  use  the  same  structure 
of  HA  as  in  the  fist  example  (see  Fig.  3).  But  the  de- 
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Fig.  6.  Gain/scan  dependence  after  minimax  opti¬ 
mization. 
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Fig.  8.  Gain/scan  dependence  in  the  curvilinear 
steering  sector. 

sired  sector  of  beam  steering  in  this  case  is  shown  in 
Fig.  7. 

In  this  figure,  a  grey  colour  denotes  a  rectilinear 
beam  steering  sector,  while  black  colour  denotes  a 
desired  curvilinear  beam  steering  sector. 

It  is  necessary  to  note  that  the  beam  steering  in 
thissector  is  done  only  due  to  shaped  reflector  while 
the  same  linear  array  (as  in  the  fist  example)  is  used. 
The  antenna  gain  vs.  scan  angle  after  reflector  shaping 
is  shown  in  Fig,  8.  In  this  case,  the  antenna  focuses  its 
beam  in  different  points  of  the  curve  y  (see  Fig.  7). 

In  Fig.  8,  x-axis  corresponds  to  the  beam  azimuth 
on  the  curve  y,  and  y-axis  corresponds  to  appropriate 
antenna  gain  values. 


Fig.  9.  Antenna  beam  in  the  end  point  of  the  steer¬ 
ing  sector. 

The  antenna  gain  variations  in  considered  curvilin¬ 
ear  sector  constitutes  0.7  dB. 

The  pattern  colormap  for  the  HA  with  obtained 
shaped  reflector  is  shown  in  Fig.9.  The  point  of  the 
beam  maximum  is  T  in  azimuth  and  1°  in  elevation. 

It  can  be  seen  from  this  figure  that  the  beam  has 
slightly  different  widths  in  azimuth  and  elevation 
planes  (the  beam  has  an  elliptical  cross-section).  In 
addition,  the  maximum  of  antenna  pattern  is  gently 
displaced  from  the  focusing  point  (-1°,-7®)  to  the  point 
(-0.8®,-7®).  The  maximum  antenna  gain  is  42.7  dBi. 

The  considered  HA  with  curvilinear  steering  sector 
can  be  used,  for  example,  as  a  satellite  antenna  for  the 
service  of  Russia.  If  a  satellite  is  located  in  the  point 
of  100®W,  the  considered  curvilinear  sector  (from  -5° 
to  ±5°  by  azimuth)  provide  a  good  coverage  of  the 
Russia  territory.  So,  this  HA  with  active  phased  array 
feed  can  be  used  as  a  multibeam  antenna  for  the 
communication  system. 

6.  Limitation  on  the  Efficiency 
OF  the  Hybrid  Antennas 

Let  us  consider  the  efficiency  of  HA  with  single  re¬ 
flector. 

Let  the  feed  array  dimension  and  the  beamwidth 
are  fixed,  then  there  is  a  minimum  HA  reflector  di¬ 
mension,  which  provides  a  beam  steering  in  a  given 
sector.  To  understand  this  limitation  let  us  consider 
the  following. 

A  field  on  the  reflector  surface  is  formed  by  a  small 
array,  i.e.  has  a  finite  spectra.  In  addition,  the  reflector 
itself  has  limited  dimensions.  Therefore,  there  is  a 
limited  number  of  functions  (excitations),  which  can 
effectively  transfer  the  energy  from  the  array  through 
reflector  to  far  zone  of  the  antenna.  Let  us  consider 
the  following  evaluations. 

For  the  simplicity,  we  assume  that  the  reflector  is 
located  in  far  zone  of  the  array.  The  dimension  of  the 
array  beam  is  AQ_,^  =  X/d,  •  X/d^^  =  X^A ,  where 
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d^4y  =  vi  is  the  array  area.  The  flare  angle  of  the 

reflector  is  Sjl}  ,  where  S  is  the  reflector  area,  L  is 

the  mean  distance  from  the  array  to  the  reflector. 

The  number  of  orthogonal  array  beams  (Kotel- 
nikov's  samples)  allocated  on  the  reflector  is 

N  «  IA)  =  A-Sj^X-Lf  . 

The  N  can  be  considered  as  number  of  independ¬ 
ent  excitations  that  can  effectively  transfer  the  energy 
of  antenna. 

Let’s  Q  is  a  solid  angle  of  the  beam  steering  sector. 
The  dimension  of  the  antenna  beam  is  Afl  =  , 

where  So  is  effectively  excited  reflector  area,  which 
forms  the  beam.  The  number  of  independent  (or¬ 
thogonal)  beams  in  the  steering  sector  is 

=  Q/Afi  =  n/{x^/ So)  =  Q-  So/x^ . 

This  number  can  not  be  more  than  the  number  of 
independent  excitations  which  can  form  the  HA,  i.e. 

^beam  —  ^  » 

therefore, 

So/S  <  A/{n  ■!?)  =  A /So  ■  {So /I?)/ 9. . 

Denote  as  =  So  /  2?  the  flare  angle  of  the  ef- 
fectively  excited  area.  For  the  HA  with  limited  sector 
of  scanning,  the  condition  /  Q  <  1  is  always  true. 
Therefore,  we  have 

So/S<A/So,  (3) 

Equation  (3)  shows  that  the  decrease  of  the  array 
aperture  A  in  comparison  with  the  area  So  forming  the 
beam  leads  to  necessity  to  increase  the  reflector  area  S 
in  comparison  with  So  at  least  by  the  same  value.  The 
value  8  =5o  /  -S'  means  the  efficiency  of  the  HA.  So, 
we  have 

e  <  AjSo  .  (4) 


The  last  equation  represents  the  final  limitation  on 
the  efficiency  of  the  HA  with  single  reflector. 

Thus  one  can  understand  that  small  efficiency  of 
the  HA  is  an  inevitable  consequence  of  the  wish  to 
use  a  small  feeding  array. 

The  equation  (4)  can  be  obtained  in  a  more  formal¬ 
ised  mane.  In  addition,  one  can  obtain  that  equation 
(4)  takes  place  if  the  following  two  conditions  are 
true: 

1)  steering  sector  is  rather  large  one,  and  includes 
at  least  more  than  ten  independent  (orthogonal) 
beams; 

2)  HA  is  able  to  form  a  complete  set  of  orthogo¬ 
nal  beams  in  the  steering  sector. 

In  the  case  of  one-dimensional  beam  steering,  the 
above  equation  is  transformed  in  the  following  man¬ 
ner.  The  total  dimension  of  the  reflector  D  in  the  plane 
of  scanning,  the  dimension  of  the  effectively  excited 
part  of  reflector  Do  that  forms  the  beam,  and  the 
length  of  the  feeding  array  are  bound  by  the  relation: 

DqJD  <  dojDQ , 

and  accordingly,  we  have  for  the  antenna  efficiency: 
8<  dolDo  . 

Equation  (5)  was  confirmed  by  a  number  of  numeri¬ 
cal  simulations  of  the  HA,  considered  in  this  paper. 
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Abstract 

Calculations  of  the  reflection  factor  over  the  millimeter  wave  range  are  made  on 
the  basis  of  the  theor>'  of  black  body,  the  skin-effect  theory  and  the  electrodynamic 
criterion  of  smoothness  obtained  in  our  previous  works.  The  results  of  these  calcula¬ 
tions  are  compared  with  experimental  data.  Errors  arc  estimated.  The  application  aria 
and  capabilities  of  this  technique  arc  noted. 

Keywords:  reflectivity,  rough  metal  surface,  millimeter  waves,  electrodynamic 
criterion  of  smoothness. 


1.  Introduction 

The  reflection  loss  decreasing  by  appropriate  surfac¬ 
ing  is  one  of  actual  problems  of  electrodynamics  of 
large  powers  of  millimeter  and  submillimeter  ranges. 
There  is  a  divergence  between  calculated  and  meas¬ 
ured  values  of  reflection  losses  appearing  as  a  result 
of  mechanical  or  chemical  treatment  of  the  metal  sur¬ 
face.  These  stray-load  losses  lead  to  the  surface  ther¬ 
mal  degradation  and  increasing  of  the  same  losses. 
The  given  work  is  devoted  to  the  development  of  the 
method  of  calculation  of  reflectivity  of  rough  metal 
surfaces  with  a  definite  profile  of  average  irregularity 
on  the  basis  of  investigations  [1,  2],  The  simulated 
results  are  compared  with  experimental  data  [3]. 

2.  Spectral  Hemispherical 
Reflectivity  of  a  Rough  Metal 
Surface 

According  to  the  paper  [4],  the  spectral  hemispherical 
reflectivity  is  determined  by 

=rA/(l-r(l- A)),  (1) 

where  r  is  the  smooth  metal  surface  reflectivity;  A 

is  the  smoothness  factor, 

A  =  s/5,  [5]  (2) 

where  s  is  the  irregularity  aperture  area;  S  is  the 
area  of  the  effective  reflecting  interior  rough  surface. 
Forrefractory  metals  the  value  of  r  at  A  >  1  pm  can 
be  determined  by  Eq.  [6] 

r  =  1-5.8. 10-^-^ .  (3) 

where  T  is  the  heating  metal  thermodynamic  tem¬ 
perature,  K;  6  is  the  thermal  conductivity,  W/(m'K). 


For  calculating  the  spectral  hemispherical  reflectiv¬ 
ity  of  the  rough  metallic  surface  it  is  necessary  to  de¬ 
termine  its  smoothness  factor  depending  on  the  average 
irregularity  profile.  The  real  roughness  often  has  no 
regular  geometric  shape,  but  to  some  extent  it  verges 
towards  this  [4],  To  a  first  approximation  it  is  enough 
to  investigate  V-shape  grooves  on  the  metal  surface  as 
a  result  of  its  primary  treatment  [5],  The  finishing  of 
the  metal  surface,  been  brought  up  to  size,  leads  to  the 
irregularity  top  cutting  and  trapezoidal  groove  forma¬ 
tion  on  the  surface  [  1  ].  The  smoothness  factor  of  metal 
surfaces  with  V-shape  and  trapezoidal  grooves  was 
obtained  in  papers  [1,  8].  The  irregularity  profiles  ac¬ 
quired  due  to  the  blade  processing  of  metal  is  described 
more  precisely  by  the  Gaussian  curve  [9],  The  expres¬ 
sion  for  the  smoothness  factor  of  the  Gaussian  groove 
was  derived  in  the  paper  [9].  However,  there  was  no 
comparison  of  calculated  results  with  experimental  data 
presented  in  papers  [1,2,  8].  Besides  there  is  no  estima¬ 
tion  of  errors  arising  at  the  use  of  obtained  expressions. 

3.  Field  Propagation  Constants 
INSIDE  Elementary  Volumes  of  the 
Gaussian  Groove 

The  3D  image  of  the  Gaussian  average  groove  with 
metal  walls  is  shown  in  Fig.  1.  A  nonpolarized  plane 
wave  (wave  with  random  polarization)  is  incident  on 
its  aperture  (in  the  plane  xy)  from  the  half-space 
z  <  0 .  On  corrugation  ridges  located  along  the  y  - 
axis  the  nonpolarized  wave  is  decomposed  into  a  pair 
of  uncorrelated  waves  with  orthogonal  polarizations 
and  identical  average  amplitudes:  the  E-wave  with 
the  polarization  vector  Hy  and  //-wave  with  the 

polarization  vector  Ey .  The  E  -  and  //  -waves,  sepa¬ 
rately  from  each  other,  excite  the  field  inside  the 
groove  whose  sides  form  a  waveguide  with  variable 
wave  impedance  dependent  on  z  . 
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Fig.  2.  Ideal  and  approximated  profile  of  the  Gaus¬ 
sian  groove 

Let's  divide  the  groove  into  N  volumes  by  planes, 
parallel  to  the  plane  xy  and  arranged  at  a  distance  of 
Az  from  each  other.  Between  planes  z  =  nAz  and 
z  ^  (n  +  l)Az  (n  =  0,  1,  -  1)  we  enter 

the  moving  coordinate  C  •  each  of  N  volumes  the 
groove  walls  is  approximated  by  the  exponential 
transmission  line,  so  that  in  each  elementary  volume 
for  the  wave  propagating  along  the  2  -axis  the  wave 
impedance  is  determined  by 

^f^(C=o)exp{cC}  when  0  <  (  <  A  2:  .(4) 

The  Gaussian  groove  profile  and  its  approximation 
by  exponential  sections  are  shown  in  Fig.  2.  On  parti¬ 
tioning  the  groove  into  20  elementary  volumes  the 
arithmetic  average  error  of  the  wave  impedance  along 
the  full  groove  does  not  exceed  5  %.  The  error  distri¬ 
bution  into  volumes  is  irregular  (Fig.  3).  The  increase 
of  the  number  of  volumes  results  in  the  decrease  of 
the  approximation  error  in  the  first  layer.  Values  of 
the  wave  impedance  errors  in  last  and  penultimate 
layers  do  not  depend  on  the  quantity  of  elementary 
volumes  and  have  the  peak  value.  However  the  con- 


Fig.  4.  Dependence  of  the  reflection  loss  on  frequency 


tribution  of  these  two  layers  to  the  magnitude  of  the 
reflection  factor  is  negligible  that  allows  excluding 
them  from  consideration. 

As  the  interval  Az  inside  the  elementary  volume 
is  small,  the  longitudinal  wave  number  7  is  consid¬ 
ered  constant.  The  expression  of  the  factor  c ,  see  (4), 
corresponding  to  the  Gaussian  groove,  was  obtained 
in  the  paper  [2] : 


Propagation  coefficients  of  the  current  T  j  and  the 
voltage  Fu  inside  the  interval  Az  are  determined  by 
characteristic  equations 

Tu  =  c/2  ±  JJ9  T  X .  Tj  = -c/2  =F  T  X.(6) 

where  x  is  the  attenuation  coefficient  of  the 
waveguide  field.  The  parameter  p  depends  on  the 
wavelength  A  and  is  determined  by  the  expression 


A  part  of  the  groove  which  reflects  effectively  the 
incident  wave  can  consist  of  two  areas:  the  area  with 
the  propagating  wave  (Re(p)  ^  0)  and  another  area 
without  the  propagating  wave  (Re(p)  =  0),  but  the 
field  strength  is  not  attenuated  yet  by  factor  of  e  (in 
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accordance  with  the  skin-effect  theory).  All  irregulari¬ 
ties  can  be  subdivided  into  three  classes  depending  on 
their  parameters:  into  grooves  of  the  first  class  with  the 
propagating  wave  area,  and  grooves  of  the  second  class 
without  propagating  wave  area  and  where  the  field  is 
attenuated  more  then  e  times,  and  into  grooves  of  the 
third  class  without  the  propagating  wave  area  and 
where  the  field  is  attenuated  less  then  e  times. 

4.  Comparison  of  Calculated  Values 
OF  THE  Reflection  Loss  Factor 
WITH  Experimental  Data 

The  experimental  data  [3]  correspond  to  the  last  case  of 
irregularity  classification.  Consequently  the  whole  in¬ 
side  surface  of  the  groove  reflects  effectively  the  inci¬ 
dent  field.  The  calculated  values  of  the  reflection  loss 
factor  and  experimental  data  are  shown  in  Fig.  4.  At  a 
definite  ratio  of  the  irregularity  aperture  p  to  its  height 
a  the  calculated  values  coincide  with  experiment  data. 

5.  Conclusion 

The  method  of  calculation  of  the  reflection  coefficient 
of  a  rough  surface  developed  in  this  paper  gives  good 
coincidence  of  the  calculated  results  with  experimen¬ 
tal  data.  The  errors  arising  during  implementation  of 
this  method,  are  small  enough  and  can  be  minimized. 
The  method  can  be  applied  to  estimate  parameters  of 
rough  surfaces  and  their  radiation  properties  in  the 
millimeter,  submillimeter  and  infra-red  waveband.  It 
should  be  noted  that  the  known  method  [3]  of  calcula¬ 
tion  of  the  reflection  loss  on  rough  metal  surfaces  has 
limitations  in  a  shortwave  part  of  the  millimeter 
waves  and  for  shorter  waves. 
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Abstract 

The  leaky-wave  antennas  in  the  form  of  closely  spaced  transverse  slots  cut  in  a 
broad  wall  of  rectangular  waveguide  were  investigated.  The  thickness  of  waveguide 
walls  and  interaction  between  slots  were  taken  into  account  in  numerical  calculations. 

Keywords:  Leaky-wave  antenna,  rectangular  waveguide,  transverse  slot  set. 


1.  Introduction 

There  are  no  exact  analytical  investigations  of  leaky- 
wave  slotted-guide  antennas.  Often  a  simplified  model 
of  antenna  is  used  or  equivalent  circuit  theory  is  ap¬ 
plied.  In  some  case,  it  is  made  a  guess  that  the  radiat¬ 
ing  array  is  infinite  periodic  one  with  half-wave 
approximation  of  field  within  a  single  slot.  The  thick¬ 
ness  of  waveguide  walls  is  not  taken  into  account  in 
such  investigations. 

The  proposed  below  method  allows  one  to  investi¬ 
gate  multielement  slotted-guide  antenna  sufficiently 
rigorously  and  to  solve  inner  and  outer  problem  for 
antenna  in  the  form  of  closely  situated  transverse  slots 
cut  in  the  broad  wall  of  a  rectangular  waveguide. 

2.  Problem  Definition  and  Solution 
Method 

The  set  of  closely  spaced  transverse  slots  is  cut  in  the 
broad  wall  with  thickness  t  of  rectangular  waveguide. 
The  slots  may  be  with  different  dimensions  in  length 
and  width  and  can  be  situated  arbitrary  as  to  the  cen¬ 
terline  of  the  broad  wall  of  rectangular  waveguide 
(Fig.  1). 

The  unknown  fields  in  the  surfaces  of  slot  with  a 
number  n  which  verge  on  inner  and  outer  spaces  of 

waveguide  and  respectively)  is  represented 
in  expanded  form  of  linear-independent  vector- 
function  of  slot  with  complex  coefficients 

and  [1], 

Then  the  field  in  the  aperture  of  multislot  system 
may  be  written  as  follow: 

(1) 

Ti.  =  l  n  —  =  l 


Considering  narrowness  of  slots  it  is  made  a  guess 

that  the  field  E  has  across  slot  direction  and  does  not 
depend  on  transverse  coordinate.  Then  the  vector  fun¬ 
damental  functions  of  slot  can  be  written  as 

x-x„]  ,  (2) 

where  a; ,  2;  are  the  coordinates  along  and  across  of  a 
slot  respectively,  is  a  unit  vector. 

After  substitution  of  (1)  in  to  the  continuity  equations 
of  magnetic  field  tangential  components  on  exterior  and 
interior  surfaces  of  slots,  we  obtain  the  set  of  algebraic 

equations  for  unknown  andUj’^^^ ,  as  in  [1]. 

Self  and  mutual,  inner  and  exterior  conductivities 
of  slots  and  conductivities  of  slot  volume  space  are 
coefficients  of  the  obtained  set  of  equations. 

After  determination  of  the  electric  field  in  antenna 
aperture  according  to  the  expression  (1),  we  deter¬ 
mine  radiation  and  directional  characteristics  of  an¬ 
tenna,  as  in  [1]. 
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3.  Calculation  Results 

First  of  all  consider  the  properties  of  a  single  trans¬ 
verse  slot  in  the  broad  wall  of  rectangular  waveguide 
should  be  investigated.  This  information  is  necessary 
to  design  multielement  antennas. 

Fig.  2  shows  the  radiation  coefficients  for  slots 
of  the  electrical  length  //A  =  0.469  and  differing 

width  d  / 1  versus  thickness  of  waveguide  walls  t .  The 
slots  are  cut  in  the  waveguide  of  cross-section 
ax6  =  23xl0  mm^.  For  the  case  of  narrow  slots, 
the  energetic  coefficients  strongly  depend  on  walls 
thickness  t .  Changing  the  proportion  by  d  and  t  it  is 
possible  to  change  \r^f.  This  is  very  important  for  de¬ 
sign  of  antenna  array  with  a  great  number  of  radiators. 

Consider  the  leaky-wave  antenna  consisting  of  20 
slots  cut  symmetrically  regarding  centerline  of  a  wide 
wall  of  the  waveguide.  The  slots  placed  at  a  distance 
Az  ^  0j375A  and  excited  by  field  of  Hio  wave 
with  A  =  32  mm  have  identical  length  (l/X  =  0.4) 
and  width  (d/l  =  0.077).  The  magnitude  field  dis¬ 
tribution  in  the  aperture  of  such  an  antenna  is  shown 
in  Fig,  3  (curve  1) 

The  radiation  pattern  of  the  antenna  is  presented  in 
Fig.  4  (curve  1).  Sidelobe  level  of  the  radiation  pattern 
is  -10  dB.  Therefore,  we  shall  create  in  the  given  an¬ 
tenna  such  magnitude  distribution,  which  would  shape 
radiation  pattern  with  an  acceptable  sidelobe  level,  for 
example,  decreasing  distribution  to  the  edges  of  the 
system.  Such  a  distribution  can  be  obtained  if  to  select 
length  of  each  slot  in  appropriate  way.  Magnitude 
distribution  shown  in  a  Fig.  3  (curve  2)  is  shaped  in  a 
set  of  slots,  which  length  varies  according  to  the  graph 


Fig.  2.  Radiation  coefficient  versus  thickness  of 
waveguide  walls. 


in  Fig.  5.  Corresponding  radiation  pattern  is  shown  in 
Fig.  4  (curve  2).  As  evident,  sidelobe  level  decreased 
to  -19  dB.  In  this  case  \T^  f  =0.89, 

In  practice  exterior  dielectric  covers  of  antennas  in 
the  form  of  one  or  more  layers  with  finite  width  of 
different  dielectrics  have  often  used.  This  implies  that 
the  characteristics  of  antennas  are  change.  The  prob¬ 
lem  about  radiation  of  an  antenna  with  exterior  dielec¬ 
tric  in  layers  is  more  complicated  mathematically  than 
radiation  in  space  filled  by  dielectric.  As  follows  from 
[2]  the  radiation  from  a  slot  covered  by  a  dielectric 
layer  of  O.SA^  ( A^  is  the  wavelength  in  space  filled  by 
dielectric  with  permittivity )  practically  does  not 
differ  from  the  case  of  radiation  of  an  antenna  in 
space  completely  filled  by  such  a  dielectric. 

Fig.  6  shows  directivity,  gain  and  radiation  coeffi¬ 
cients  (D  ,  G  and  respectively)  of  the  above- 
considered  antenna  versus  permittivity  €*“  of  outside 
dielectric. 

The  functions  D  =  /(e^)  and  G  =  /{e*')  reach 

maximal  values  at  certain  value  of  e*" ,  Moreover  the 
main  lobe  of  the  radiation  pattern  is  sharpened  and  is 


Fig.  4.  Radiation  patterns. 


/,  MM 


Fig.  5.  Length  of  slots  versus  slot  number 


Fig.  6.  Directivity,  gain  and  radiation  coefficients 
versus  permittivity  . 
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Fig.  8.  Radiation  coefficient  versus  wavelength. 

deflected  from  waveguide  axis  at  location  of  the 
dielectric  as  contrasted  to  case  =  1 .  Fig.  7  shows 
the  radiation  pattern  of  antenna  with  ~  1.45  at 
which  maximum  of  function  G  =  /(e^)  is  reached. 
In  this  figure  the  radiation  pattern  of  the  antenna  with 
=  I  is  shown.  The  directivity  coefficient  of  the 
antenna  covered  by  the  dielectric  has  increased  by 
8.8  %  and  the  gain  has  increased  by  21  %  whereas  the 
radiation  coefficient  has  also  increased. 

Consider  frequency  properties  of  the  given  type  of 
antennas.  The  operating  frequency  band  is  restricted 
to  the  following  factors.  With  decreasing  wavelength 
sidelobe  level  of  radiation  pattern  increases  and  with 
increasing  wavelength  radiation  coefficient  decreases. 
Fig.  8  shows  the  radiation  coefficient  versus  wave¬ 
length  for  the  investigated  antenna  of  20  slots  with 
dielectric  cover  and  without  it. 

Application  of  dielectric  cover  makes  it  possible  to 
increase  directivity  coefficient  over  the  broad  fre¬ 
quency  band  and  to  increase  radiation  coefficient  over 
long-wave  band.  It  allows  one  to  extend  operating  fre¬ 
quency  band.  Fig.  9  shows  the  radiation  patterns  of  the 
antenna  covered  by  dielectric  with  =1.45  at  dif¬ 
ferent  values  of  wavelength:  A  =  30  mm  (curve  1), 
A  =  35  mm  (curve  2),  A  =  40  mm  (curve  3). 

Decreasing  of  sidelobe  level  of  the  radiation  pat¬ 
tern  can  be  achieved  by  using  antennas  array  with 
space  tapering  of  radiators.  Fig.  10  shows  the  radia¬ 
tion  patterns  of  the  antenna  of  length  13. 44 A  consist¬ 
ing  of  50  slots  with  I  =  0.33A  with  constant  distance 
between  slots  Az  =  0.27A  (curve  1)  and  the  radia¬ 
tion  pattern  of  the  given  slot  set,  in  which  distance 
between  slots  varies  sinusoidally 

versus  number  n  ,  It  is  shown  that  sidelobe  level 


Fig.  10.  Radiation  patterns. 

managed  to  decrease.  Radiation  coefficient  of  antenna 
is|rsP=0.88. 

Calculations  have  shown  that  it  is  possible  to  im¬ 
prove  considerably  the  radiation  pattern,  when  using 
slot  set  in  which  the  slot  length  ,  the  distances  be¬ 
tween  slot  AzJ^  and  position  of  slots  in  a  wide  wall  of 
the  waveguide  are  functions  of  the  number  of 
slots.  Fig.  10  (curve  3)  shows  the  radiation  pattern  of 
antenna  with  length  13.44A  consisting  of  50  slots.  In 
this  antenna  dependences  In  ,  ,  and  Xn  versus 

number  of  slots  n  vary  similar  to  half-wave  of  sinu¬ 
soidal  function. 

4.  Conclusion 

The  problem  of  radiation  of  leaky-wave  antennas  in 
the  form  of  closely  situated  transverse  slots  cut  in  a 
broad  wall  of  rectangular  waveguide  has  been  solved. 

The  numerical  calculations  have  shovm  that  in  such 
slotted-waveguide  antennas  the  shaping  of  the  given 
magnitude-phase  distribution  is  possible  by  selection 
of  sizes  of  slots,  distance  between  them  and  position 
of  slots  in  a  wide  wall  of  the  waveguide.  Therefore  it 
is  possible  to  create  antenna  with  radiation  pattern  of 
necessary  shape  and  sidelobe  level. 
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Abstract 

The  expression  for  the  inner  mutual  admittance  of  inclined  slots  in  a  narrow  wall 
of  a  rectangular  waveguide  with  broad  wall  penetration  was  obtained.  The  expression 
for  the  radiation  pattern  was  obtained.  The  radiation  patterns  and  magnitude  distribu¬ 
tions  of  antenna  with  closely  spaced  slots  are  presented.  It  is  shown  the  possibility  to 
create  magnitude  distributions  in  aperture  by  means  of  variation  of  tilt  and  dimen¬ 
sions  of  cut  in  the  broad  walls  of  a  waveguide  for  each  slot. 


Keywords:  Antenna,  leaky-wave,  waveguide,  slot,  radiation  pattern,  magnitude-phase 
distribution,  mutual  admittance. 


1.  Introduction 

Narrow  slots  in  a  side  surface  of  a  waveguides  have 
widely  used  in  SHF  techniques  as  independent  radia¬ 
tors  and  as  functional  elements  of  equipment  of  an¬ 
tenna-feeder  sections  and  guide-slotted  arrays. 
Designing  of  antenna  arrays  with  titled  slots  in  a  nar¬ 
row  wall  of  a  rectangular  waveguide  is  complicated 
because  no  adequate  theory  exists  regarding  the  be¬ 
haviors  of  a  single  slot. 

In  the  work  [1],  expression  for  a  slot  admittance  in¬ 
cluding  broad  wall  penetration  was  obtained.  It  has 
been  found  from  this  expression  that  the  slot  resonant 
length  is  0.4625Ao  the  wavelength  in  free 

space)  for  arbitrary  angles  of  inclination.  This  is  not  in 
agreement  with  the  experimental  and  computed  data 
obtained  by  the  other  authors. 

The  difficulty  with  applying  the  method  of  mo¬ 
ments  approach  to  the  study  of  such  slots  is  that  the 
form  of  the  Green’s  function  outside  the  waveguide  is 
not  known  analytically.  Therefore  some  type  of  ap¬ 
proximation  must  be  used,  for  example,  such  as 
wedge  type  external  Green’s  function  proposed  by  Jan 
et  al.  [2].  However,  the  moment  method  analysis  with 
such  a  complicated  external  the  Green’s  function  is 
quite  time  consuming  and  the  results  are  found  to  be 
rather  susceptible  to  the  numerical  errors.  In  the  work 
[3],  the  problem  of  titled  slot  in  the  narrow  wall  of  the 
rectangular  waveguide  using  the  finite-difference 
method  is  solved.  Method  is  not  require  knowledge  of 
Green’s  function,  and  is  simple  to  program.  However, 
large  amounts  of  computer  memory  and  calculations 
time  are  fully  restricted  of  a  practical  using  of  this 
method. 

The  purpose  of  this  paper  is  to  build  a  mathemati¬ 
cal  model  to  calculation  of  characteristics  slotted- 
guide  leaky  wave  antenna  with  inclined  slot  in  a  nar¬ 
row  wall  of  a  rectangular  waveguide. 


2.  Formulation  of  the  Problem 

There  are  N  of  inclined  slots  in  the  narrow  wall  of 
infinite  waveguide  with  wall  thickness  t ,  cross  section 
a  X  6  with  medium  parameters  of  a  waveguide  cavity 
(Fig.  1).  Let  us  denote  as  respec¬ 

tively  slot  length  inside  a  waveguide,  broad  wall  pene¬ 
tration,  width  of  slot,  angle  of  slot  title  and  Zj  is  the 

shift  along  waveguide  center  of  the  slot  with  num¬ 
ber  j  ( i  =  1, 2 ...  AT ). 

Waveguide  is  excited  by  dominant  mode  Hjo  of 
wavelength  in  free  space  Aq  .  Aperture  of  the  slot  is  con¬ 
sidered  as  three  linear  parts  and  distribution  function  of 
electric  field  in  a  slot  is  presented  by  cosine  half¬ 
wave  as  in  [6].  Assume  slots  to  be  narrow  and  electric 
field  in  aperture  each  of  slot  e,/  j  has  transverse  compo¬ 
nent  predominantly  (e,/  j  =  j{uj) ,  where  is 


I 


Fig.  1.  Geometry  of  the  antenna 


0-7803-7881-4/03/$17.00©2003  IEEE. 


Leaky- Wave  Antenna  with  Inclined  Slots  in  a  Waveguide 


the  basis  vector  across  slot,  Uj  is  the  local  coordinate 
along  part  of  the  slot  from  center  each  of  part). 

3,  The  Mutual  Admittance 

Inner  mutual  admittance  of  the  slots  in  the  general 
form  according  to  [4]  is  defined  as: 

/  eMHrie,i,)dS  ,  (1) 

^  S,ti 

where  Sgi2  is  the  square  of  aperture  of  the  second  slot; 

is  the  projection  on  the  second  slot  axis  of 
the  magnetic  field,  excited  by  the  first  slot  inside  a 
waveguide.  Considering  that  areas  of  the  slot  location 
are  not  overlapped  along  the  waveguide,  magnetic  field 
in  this  area  can  be  presented  as  Fourier  series  expansion 
on  a  complete  set  of  rotational  eigenfiinctions  of  a 
waveguide  volume  occupied  by  a  slot  [5]: 

,(2) 

771,71  771,71 

where  are  the  rotational  eigenfunctions 

of  a  waveguide,  C^mni  traveling 

waves  magnitudes  of  h  types  respec¬ 

tively,  that  propagating  from  the  first  slot  to  2:  <  0 
(sign  «-»)  and  z  >  0  (sign  «+»),  as  in  [4]: 

Otlr  =1^^/ ,  (3) 


where  Ar,„„  is  the  normalization  factor;  Foiis  the 
voltage  between  edges  of  the  first  slot.  Using  (2),  (3) 
from  (1)  the  inner  mutual  admittance  expression  is 
obtained: 
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ln(4)  F/,  U/  and  variables  included  in  it 

are  calculated  by  the  first  slot  geometry.  The 
^2*7  ^2^  V2  are  calculated  by  the  second  slot 

geometry,  6a  =  SoS ,  =  /Xq/x  ,  where  Cq  and  /Xq 

are  an  electrical  and  magnetic  constant. 

To  define  the  exterior  own  and  mutual  admittances 
the  approximation  formulated  in  [6]  can  be  used,  pre¬ 
senting  the  exterior  surfaces  of  the  investigated  slots 
as  equivalent  linear  slots,  which  radiate  in  a  half-space 
limited  by  an  infinite  plane.  In  this  case  slots  length  is 

defined  as  2Lf^  =  ^  . 

cos  1?,- 
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4.  Radiation  Pattern 

Consider  slots  to  be  linear  and  radiate  in  a  half-space 
limited  by  an  infinite  plane.  Then  electric  field  in  the 
slot  is  presented  as 

/  V  TTU, 

=  (5) 

where  Vqj  is  the  complex  field  magnitude  in  a  center 
of  j  -th  slot. 

Observation  point  M  (Fig.  2)  is  characterized  by 
coordinates  of  the  spherical  system  ^ ,  r  with 
center  point  in  center  of  the  slot. 

The  electrical  field  intensity  that  created  in  obser¬ 
vation  point  as  in  [4]  is 

Ei{9,<p,r)  =  /[F«,  J/'  (6) 

S,t 

where  t;  =  ufuj  -h  ,  Jj”*  =  u^e^i  j . 

After  integration  procedure  of  the  expression  (6) 
per  the  slot  square  the  intensity  field  expression  cre¬ 
ated  by  the  j  -th  slot  in  the  observation  point  is  ob¬ 
tained: 


where  A:  =  — ,  x  = 

A) 

Oy  =  cos9cos{(p  — 'dj)^  7„  =  sin0cos((^  -  ), 

=  sin(7^j  -  (p),  7„  =  sin^sin(y5  ■“  ). 

The  electrical  field  intensity  created  by  a  set  of 
slots  in  the  observation  point  is  defined  by  the  follow¬ 


ing  expression: 

>=i 

where  j  is  slot  number  in  array. 

To  define  values  of  the  voltage  magnitudes  on  the 
slots  Vo  j  method  of  magnetic  motive  force  in  accor¬ 
dance  with  [4]  is  used. 

In  this  case,  inner  mutual  admittance  is  computed  using 
the  formula  (4).  Expression  F{0,(p)  = 
defines  the  radiation  pattern  of  the  set  of  slot. 

5.  Calculations  Results 

The  radiation  patterns  and  magnitude-phase  distribu¬ 
tions  of  antenna  of  30  slots  with  width  dj  =  1.5  mm 

in  narrow  wall  of  the  rectangular  waveguide  with  wall 
thickness  t  =  1  mm  and  cross  section  23  x  10  mm^ 
were  computed  by  expression  (4),  (7).  In  this  case,  all 
slots  were  titled  in  the  same  direction  and  the  distance 
between  slots  was  13  mm. 

Waveguide  is  excited  by  dominant  mode  with  fre¬ 
quency  /  =  8.0  GHz. 

In  Fig.  3  the  radiation  pattern  of  antenna  is  pre¬ 
sented,  when  title  angle  of  all  the  slots  are  the  same 
'dj  =  30^  and  value  of  slot  penetrations  in  broad 

walls  of  a  waveguide  is  changed  along  aperture  as 
cosine  function. 

The  radiation  pattern  has  side  lobe  of  about  -20  dB. 
Radiation  coefficient  of  such  an  antenna  is  about  0.8 
and  reflection  coefficient  is  4.0  •  lO"** .  The  major 
lobe  of  the  radiation  pattern  deviates  from  normal  to 
aperture  as  far  as  a  linear  phase  distribution  of  the 
electric  field  in  aperture  is  formed.  In  this  case  as 
shown  in  Fig.  4  magnitude  distribution  drops  down  to 
the  edge  of  aperture.  A  symmetric  magnitude  distribu¬ 
tion  can  be  created  if  decreasing  of  last  slots  excita¬ 
tion  be  compensated  by  increasing  of  their  title  angles. 

The  radiation  patterns  are  presented  in  Fig,  5.  The 
corresponding  magnitude  distribution  of  antenna  for 


Fig.  2.  To  definition  of  radiation  pattern  of  the  slot  Fig.  3.  Radiation  pattern 
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the  case,  when  title  angles  of  the  slots  vary  along  ap¬ 
erture  of  antenna  as  cosine-square  (curve  1)  and  co¬ 
sine-cubic  (curve  2)  functions  is  presented  in  Fig.6. 

In  the  second  case,  it  possible  to  create  radiation  pat¬ 
tern  with  lower  side  lobes  level.  In  this  case  radiation 
coefficient  within  the  limits  —  0.82. ..0.85  and 
reflection  coefficient  is  |  Fj  |’^  =  (2.3 ...  2.5)  •  10“^ . 

F,dB 


Fig.  4.  Magnitude  distribution 
F.  dB 


Fig.  5.  Radiation  patterns 


6.  Conclusion 

In  the  present  work,  a  mathematical  model  to  calcu¬ 
late  the  characteristics  of  antenna  with  inclined  slots 
in  a  waveguide  is  developed.  The  method  of  magnetic 
motive  force  is  used.  It  has  been  shown  that  magni¬ 
tude  distribution  in  the  antenna  aperture  can  be  cre¬ 
ated  by  variation  of  title  angle  and  penetration  depth 
of  the  slots  into  broad  walls  of  waveguide.  In  this 
case,  it  is  possible  to  obtain  high  value  of  the  radiation 
coefficient  and  low  value  of  the  reflection  coefficient 
in  a  waveguide  section. 
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Abstract 

.On  a  basis  of  the  asymptotic  method  of  averaging  the  approximate  analytical  solu¬ 
tion  of  the  integral  equation  concerning  a  magnetic  current  in  slot-hole  coupling  aper¬ 
tures  of  elcctrodynamic  volumes  was  obtained.  There  are  presented  some  expressions 
for  currents  and  scattering  characteristics  of  the  transverse  and  longitudinal  slots  in 
the  common  broad  and  narrow  walls  of  rectangular  waveguides.  The  comparison 
with  the  results  obtained  by  other  methods  is  carried  out. 

Keywords:  narrow  slots,  waveguides,  integral  equation,  asymptotic  solution. 


1.  Introduction 

The  problem  of  electromagnetic  coupling  of  two 
waveguides  through  apertures  in  their  common  walls 
is  the  classical  problem,  which  starting  with  paper  [1] 
has  been  attracting  attention  of  many  researchers.  Par¬ 
ticular  place  among  coupling  apertures  occupies  the 
narrow  slots  a  length  2L  of  which  is  commensurable 
with  operating  wavelength  A.  The  investigation  of 
such  slots  located  both  in  the  broad  and  in  the  narrow 
walls  of  rectangular  waveguides  were  carried  out  by 
various  methods,  namely:  analytical  [2,  3],  variational 
[4,  5],  numerical  [6]  and  also  equivalent  circuits 
method  [7,  8]. 

However,  all  the  mentioned  methods  have  some 
drawbacks.  The  numerical  techniques  have  not  suffi¬ 
cient  clearness  and  simplicity  to  understand  the  physi¬ 
cal  processes.  The  analytical  solutions  have  the 
limited  range  of  applicability  (/cL^7r/2,  where 
A:  =  27r  /  A ).  The  variational  method  and  the  method 
of  equivalent  circuits  suppose  the  presence  of  the  in¬ 
formation  a  priori  about  distribution  function  of  the 
equivalent  magnetic  slot  current,  which  in  some  cases 
is  even  approximately  unknown  (for  example  in  the 
case  of  electrically  long  slots). 

In  this  paper  the  asymptotical  method  of  averaging 
is  employed  to  obtain  the  general  analytical  expres¬ 
sion  for  a  magnetic  current  in  the  slot.  This  expression 
can  be  applied  both  for  adjusted  (A:L  =  n7r/2, 
n  —  1. 2, 3 ... )  and  for  unadjusted  {kL  ^  nn  f  2)  slots 
coupling  two  waveguides  with  different  cross-section 
sizes  in  the  general  case  under  exciting  ones  with  arbi- 
trar>^  fields  of  impressed  sources. 


2.  Theory 

Let  two  volumes  limited  with  ideally  conducting  flat 
surfaces  be  coupled  between  ones  with  an  aperture  cut 
in  the  common  infinitely  thin  wall.  Using  the  discon¬ 
tinuity  of  tangential  magnetic  field  on  the  boundary 
surface  5,/  of  the  coupling  aperture  the  following 
integral  equation  for  an  equivalent  magnetic  current 
can  be  obtained: 

(graddivT  k’^)  f  = 

i  (1) 

Here  f  and  r'  are  the  radius- vectors  of  observation 
point  and  source;  J"'(r)  is  the  surface  density  of 
magnetic  current  on  the  aperture; 
a,^(f,rO  =  +  GUr,r') ,  G^^ir^r')  are 

the  magnetic  dyadic  Green’s  functions; 
H^(r)  =  H(){r)  -  Ho{r)  are  the  fields  of  impressed 
sources  in  the  internal  (index  “i”)  and  external  (index 
“e”)  volumes. 

Functions  Gj,\\r,r^)  may  be  represented  as  fol¬ 
lows  [9]: 

(7;:;*(r,rO  =  /C(r,rO  +  (^;:.(r,r^^  (2) 

where  I  is  the  unit  dyadic, 

G{r^r')  =  “'’  I  /  \  ^  \  is  the  Green’s  func¬ 

tion  of  the  free  space,  (7S;!,(r,r')  are  the  regular  dy¬ 
adic  functions  providing  satisfaction  of  boundary 
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conditions  for  on  the  internal  surfaces  of 

coupled  volumes. 

Equation  (1)  is  sufficiently  complicated  for  analy¬ 
sis.  However  for  narrow  slots  ( d  /  2L  <C  1 , 
d  /  A  <  1 ,  d  is  the  slot  width)  it  is  simplified.  In  this 
case  the  current  in  the  slot  can  be  represented  as  fol¬ 
lows  (index  “  m  ”  is  omitted): 

J{r)  =  e,/(5)x(e),  J{±L)  =  0,  / xW  =  1 .  (3) 


where  s  and  ^  are  the  longitudinal  and  transverse 
local  slot  co-ordinates;  xiO  the  set  function,  ac¬ 
counting  features  of  electrostatic  field  on  the  slot 
edges;  is  the  unit  vector.  Thus,  a  problem  of  find¬ 


ing  the  current  J(r)  by  given  field  Ho{r)  is  reduced 
to  determining  the  current  distribution  function  J{s) . 

Let  us  assume  further  that  the  slot  is  rectilinear  and 
the  impressed  field  in  external  volume  is  absent: 

Ho{r)  =  0,  Then,  substituting  expressions  (3)  into 
(1),  we  obtain: 

+  Giis,s')]ds' 


Gris, s')  =  2- 


+  G^  (s,  s') , 


Ris,s') 

Ris,s’)  =  V(s  -  s'f  +  id /Af  . 


(5) 


It  is  accounted  here  that  for  sources  on  the  surface 


=  2iGis,^-,s',^')  +  Gris,i-,s',i') 
and 


G(s,sO  =  f  Gis,es',0x(0  , 

Gris,s')  =  f  Gris,es',r)x(r)  dr  . 


It  should  be  noted  that  in  kernel  (5)  of  the  integral 
equation  (4)  the  approximate  expression  of  R  was 
used,  namely  dependence  on  transverse  coordinate 
was  chosen  in  form  of  ($  -  =  (d/4f ,  as  it  was 

used  in  the  vibrator  antenna  theory  [10].  This  is  cor¬ 
rect  with  the  satisfactory  accuracy  for  slots  in  the 
metal  surfaces  [11]. 

Isolating  the  logarithmic  singularity  in  equation  (4) 
we  obtain  integral-differential  equation  with  small 
parameter: 


ds^ 


+  k^J{s)  = 


=  a{koHQ^^{s)  -h  F[5,  J(5)]  +  ^0 [5,7(5)] }  , 


(7) 


in  which  a  =  l/(81n(d/8L))  is  the  natural  small 
parameter  of  the  problem  (|  a  |<^  1),  HQg{s)  is  the 


component  of  the  field  of  impressed  sources  along  the 
axis  of  the  slot, 

F[s,Jis)]  = 

+ 


dJis')  e 


^-ikR{sy) 


ds*  R{s,s^) 


,  as  as  J 


1 


i?(s,s') 


+ 


(8) 


+  4 


f  — 

J  fl(s.s') 


<iV(s) 


dd 


F  +  A:2j(s) 


ds^ 


is  the  ovm  field  of  the  slot  in  an  infinite  screen; 
Fo[sJ{s)]=^ 

\L 

+ 


— ^^[t7o5(s,5')  +  ^05(5,5')] 


I 

~L 


ds' 


(9) 


[^^(5,5^)  +  f?o.s(5,5^)]d5^ 


is  the  slot  own  field  repeatedly  reflected  from  the 
walls  of  coupled  volumes. 

Further,  following  the  variation  method  of  arbitrary 
constants,  execute  the  change  of  variables: 

J{s)  =  i4(5)cosA;5  -f  B{s) sinks  ,  (10) 


By  the  latter  the  equation  (7)  is  transformed  into 
the  next  system  of  integral-differential  equations  con¬ 
cerning  unknown  functions  ^4(5)  and  B{s) 

A'is)  = -^{iuHoM  + 

+  [  S,  ^(s) ,  ^'(s) ,  5(s) ,  B'(s)  ] }  sin  fcs,  ^  ^  ^  ^ 

B'is)  =  +^{iojHosis)  + 

-h  Fjv  [  5, 24(5) ,  A\s) ,  B{s) ,  F'(5)r] }  cos  ks, 

where  A '(5)  =  dA{s)  /  ds  ,  B'{s)  =  dB{s)  /  ds , 

Fpj  =  F  -f  Fo  is  the  full  own  field  of  the  slot. 

The  obtained  equations  are  complete  equivalent  of 
equation  (7).  These  equations  represent  the  system  of 
integral-differential  equations  of  standard  type,  unre¬ 
solved  in  derivative.  The  right-hand  side  of  these 
equations  are  proportional  to  the  small  parameter  a. 
Therefore  the  functions  A(s)  and  B{s)  in  the  right- 
hand  parts  of  the  equations  (11)  can  be  considered  as 
slowly  varying  functions.  To  solve  the  system  of 
equations  (11)  it  is  possible  to  use  the  asymptotic 
method  of  averaging.  Substantiation  of  applicability 
of  this  method  to  the  systems  like  (11)  and  the  tech¬ 
nique  of  its  solution  are  grounded  by  Philatov  [12]. 
Then,  associate  the  system  of  equations  (11)  with  the 
simplified  system,  at  which  in  the  right-hand  sides  of 
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equations  (1 1)  A\$)  =  0  and  B\s)  =  0.  Performing 
in  this  system  the  partial  averaging  by  explicitly  enter¬ 
ing  variable  s ,  we  obtain  two  equations  of  the  first 
approximation: 

AXs)  —  A^]|sinA;s  , 

B\s)  =  4*  Fat  [5,  A,  JB]  I  cos  A;s  , 

in  which  Gf{s,s')  =  G^{s,s')  +  Gl{s,s^) , 
Fn[s,A,B]  = 

r  (13) 

=  [>l(5')sinfc5'  -  JB(5')cosA:s']Gf  . 

Integrating  the  system  (12)  and  substituting  the  ob¬ 
tained  values  v4(5)  and  B{s)  as  a  approximating 
functions  of  A(s)  and  B{s)  in  (10),  the  most  general 

asymptotic  expression  of  the  current  in  the  narrow  slot 
at  its  any  position  concerning  the  walls  of  the  coupled 
volumes  is  obtained  in  the  following  form: 

J{s)  =  A{—L) casks  4-  B{-L) sinks  4- 
8 

+  aj{|:ffo.(«')  +  ^iv[sM.S]}x  (14) 
X  sin  k{s  —  s')  ds'. 


To  define  the  constants  A{±L)  and  B{±L)  it  is 

necessary  to  use  boundary  conditions  (3)  and  condi¬ 
tions  of  symmetiy,  which  are  uniquely  connected  with 
the  way  of  the  slot  excitation.  Then,  taking  in  consid¬ 
eration  symmetrical  (index  “5”)  and  antisymmetrical 
(index  “a”)  components  of  the  current  under  arbi¬ 
trary  slot  excitation  the  Hi^u{s)  -  +  Hq,{s) 

with  accuracy  not  more  than  terms  of  an  order  we 
have  definitively: 

J{s)  =  r{s)  +  r{s)  = 


I 

-i 


Bq.,(s') sin  k(s  ~  s')ds'  — 


Bin  k(L  +  s)  J  sin  k(L  -  s')ds' 

_ _ 

sin2fcL  H-  aNg{kd,2kL) 

L 

sin  k{L  4-  s)  J*  H q „{s')  sin  k{L  —  s')ds' 
_  -L _ 


(15) 


sin2kL  -I-  olN f^(kd^2kL) 


where  N^{kd^2kL)  and  Na{kd,2kL)  -  the  functions 
of  the  own  field  of  the  slot,  are  accordingly  equal 
N^{kd,2kL)  = 


=  /[Gf  (s,-I)  ±  Gf{s,L)]sink(L  -  s)ds, 


and  which  are  completely  defined  with  Green’s  func¬ 
tions  of  coupled  volumes  (infinite  or  half-infinite 
waveguides,  resonators  etc.) 

As  an  example,  let  us  consider  the  coupling  of  two 
identical  rectangular  waveguides  with  cross-sectional 
dimensions  axh  through  the  symmetrical  transverse 
slot  cut  in  the  common  broad  wall  and  through  the 
longitudinal  slot  in  the  common  narrow  wall. 


2. 1 .  Symmetrical  Transverse  Slot  in 
Broad  Wall 

In  this  case  =  Hoh{s)  =  cos(7r5/a)  and 

J<5)  =  — a/fo  X 

iu { cos ks cos(7rL /  a)  —  cos kL cos(7rs /a)}  (17) 

^  i^[coskL^aN{kd,kL)]  ’ 

where  7^  =  k^  —  (yr/a)^,  Hq  is  the  amplitude  of 
the  incident  wave,  falling  from  z  =  -00  (region  1), 
N,{kd,2kL)  =  2sinkLN{kd,kL). 

Reflection  (in  region  1)  and  transmission  (in  re¬ 
gion  2)  coefficients  {  \  Sn  [and  |5i2  I  accordingly)  in 
the  first  waveguide  and  forward  (in  region  4)  and 
backward  (in  region  3)  coupling  coefficients  |  I 
and  I  ]  into  the  auxiliary  waveguide  are  equal  to 

|5lll  =  |5i3!  =1^141  - 
_  47ra/(A;L,7rZ/o) 

a6A:7[cos  kL  -f-  a2N{kd,  kL)]  ’ 

1^12l  =  |l  +  ^l^llll, 

f{kL,T:L/a)= 


o  ^  r 

2  cos  —  L 


sin  kL  cos  ~L  —  ^  cos  kL  sin  —  L 
a  ka  a 


1  -  (tt  /  ka)i^ 


cos  kL  I 

[2'Kjkap 


.  27rL 

sm - h 

a 


2.2.  Longitudinal  Slot  in  Narrow  Wall 

For  a  longitudinal  slot  the  component  of  the  field 
of  impressed  sources  along  slot  axis  equals 
Hsh{^)  =  HQayip{—i^s)  and 

J{s)  =  r{s)  +  J\s)  =  aH^-^^ 

{■nlay 

COS  ks  cos  7L 
cos  kL  -h  OLN'\kd,kL) 

,  .  sin  ks  sin  jL  \  (1^) 

'^^sinkL  +  aN"{kd,kL)]‘ 
N,{kd,2kL)  =  2sinkLN''^{kd,kL), 

N^{kd,2kL)  =  2coskLN%kd,kL), 

For  reflection,  transmission  and  coupling  coeffi¬ 
cients  the  following  expressions  were  obtained: 
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|5nl  =  1^131- 

A'Ka 


ahk^ 


r{kh^L)  +  r{kL,^L)- 


1^121  = 

=  I +  ‘'-^{r{kL,'iL)-r  {kid'll)- 
abk'y 

-2kL}\, 

|5i4|  =  |5i2  -1|, 

r{kL,^L)  = 

sin  kL  cos  7L  -  (  7/^ )  cos  kL  sin  7L 
[1  —  (7/^)  ][cos/ujL  4-  aN^{kd^kL)] 
r{kL,^L)^ 

cos  kL  sin  7L  (  7y^A;  j  sin  kL  cos  7L 


(20) 


—  2COS7L- 


=  2sin7L 


[1  —  (7/^)  ][sin/;:L  +  aN^{kd^kL)] 


3.  Numerical  Results 

In  Fig.  1  the  plots  of  dependencies  of  coupling  coeffi¬ 
cient  Cis  =  20  log  1 513 1  on  the  length  of  the  symmet¬ 
rical  transverse  slot  cut  in  the  common  infinitely  thin 
broad  wall  of  two  identical  rectangular  waveguide  are 
represented  for  various  methods  of  the  calculation.  It 
is  seen  that  the  averaging  method,  the  variational 
method  and  the  method  of  moments  give  the  slot 
resonance  length  2L  ^  0.47 A  (“shortening”  of  slot). 
On  the  other  hand  quasi-static  antenna  method  and 
equivalent  circuits  method  (“reaction”  method)  pro¬ 
vide  the  resonance  value  of  length  2L  —  0.5A  that 
does  not  correspond  to  reality.  The  difference  between 
values  of  ^13  calculated  with  the  averaging  method 


Fig.  1.  Coupling  versus  slot  length  for  a  symmetri¬ 
cal  transverse  slot  in  the  common  broad 
wall  between  a  pair  of  rectangular 
waveguides,  with  a  —  22.86  mm, 
b  =  10.16  mm,  d  -  1.5875  mm, 

A  =  32.0  mm. 


Slot  length  /  wavelength  (2U  ) 


Fig.  2.  Coupling  and  directivity  versus  relative  slot 
length  for  a  longitudinal  slot  in  the  common 
narrow  wall  between  a  pair  of  rectangular 
waveguides,  with  a  =  23.0  mm, 
h  ~  10.0  mm,  d  =  a / 15 ,  —b {2  is 
the  slot  axis  position,  A  =  28.75  mm. 

and  other  methods  for  short  slots  is  explained  evi¬ 
dently  with  increasing  the  small  parameter  a ,  that 
leads  to  increasing  the  inaccuracy,  when  solving  the 
equation  (7). 

In  Fig.  2  the  plots  of  dependence  of  coupling  coef¬ 
ficients  Cia  and  =:201og|5i4|  and  directivity 
D  —  201og(|5i3|/t5i4|)  versus  2L/A  for  the  longi¬ 
tudinal  slot,  coupling  two  rectangular  waveguides 
through  the  common  narrow  wall  of  the  finite  thick¬ 
ness,  are  shown. 

It  is  seen  from  the  plots  that  increase  of  the  electri¬ 
cal  slot  length  leads  to  increase  of  the  differences  be¬ 
tween  values  Ci3  and  (7i4  near  resonances 
{kL  ^n'K  12,  n  —  1,2,3...)  and  to  change  of  the 
sign  of  D  on  the  opposite  one.  It  should  be  noted  that 
in  paper  [8]  the  incorrect  conclusion  about  equality  of 
(^13  and  Cu  for  such  coupling  the  waveguides  was 
made  on  the  basis  of  the  equivalent  circuits  method. 
This  discrepancy  can  be  explained  by  using  in  [8]  the 
symmetrical  function  for  the  current 
J'^{s)  =  Jo  sin  A;  (i-  I  5  [)  for  obtaining  formulas  of 
parameters  of  the  equivalent  circuit,  whereas  the 
asymptotic  solution  of  equation  (7)  gives  the 
expression  (19),  where  J(5)  =  +  J^{s) . 


4.  Conclusion 

The  obtained  asymptotic  solution  of  the  integral  equa¬ 
tion  for  a  magnetic  current  in  slot-hole  coupling  aper¬ 
tures  allows  one  to  obtain  even  for  a  first 
approximation  for  the  current  analytical  expressions, 
which  is  valid  for  the  various  ratio  between  the  wave¬ 
length  and  the  longitudinal  size  of  the  slot. 

The  carried  out  numerical  results  demonstrate  effi¬ 
ciency  and  effectiveness  of  such  a  solution. 
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FORMING  A  PARTIALLY  POLARIZED  WAVE  BY 
NON-COHERENT  SOURCES  OF  THE  NOISE  FIELD 

L.  G.  Kornienko,  V.  A.  Kovalchuk 
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Abstract 

Polarization  parameters  of  the  wave  formed  by  noise  radiation  of  two  non¬ 
coherent  sources  in  far  zone  are  considered.  The  directional  properties  of  system  of 
radiators  concerning  a  degree  of  polarization  of  a  wave  and  their  dependence  on  a  ra¬ 
tio  of  intensity  partial  fields  and  mutual  orientation  of  antennas  are  analyzed. 


In  this  paper,  we  research  a  polarization  condition  of 
the  noise  radiation  formed  by  superposition  of  two 
independent  partial  completely  polarized  noise  fields 
extending  in  a  certain  direction.  Such  a  radiation  can 
be  created,  for  example,  by  two  closely  standing  and 
unresolvable  on  angular  coordinates  onboard  stations 
of  electronic  warfare.  Research  of  a  polarization  con¬ 
dition  of  a  summary  noise  wave  is  necessary,  in  par¬ 
ticular,  for  an  efficiency  estimation  of  methods  of 
polarization  and  spatial  rejection  of  jammings  with 
fluctuating  polarization  [1]. 

A  complex  amplitude  of  the  intensity  of  the  electric 
field  vector  for  a  separate  harmonic  component  of  the 
i  -th  radiation  source  in  the  direction  of  ort  u 

E,{u,  f)  =  A{f)m  mif),  (1) 

^  ^30i?E,A 

depends  on  radiation  resistance  * ,  directive  gain 


Di ,  the  normalized  vector  radiation  pattern  (RP) 
of  the  antenna  excited  by  a  current  with  spectral  den¬ 
sity  Si{f) ,  delay  interval  i  —  c  of  partial  wave 
past  a  distance  n  ( a;  —  27r/  is  the  circular  fi-equency 
of  oscillations). 

For  studying  a  polarization  condition  of  a  summary 
wave  from  two  sources  of  noise  radiation 

E{u,  t)  =  El  {u,  t)  -f  E2  {u,  t) ,  where 

Ei{u,t)  =  J  Ei{uJ)e^^''  ^  ^ df ,  i-1,2  are  limits 

of  integration  ^  —  0,511  <  <  j()  +  0,511,  fo,  li 

are  the  central  frequency  and  effective  width  of  a 
radiation  spectrum,  it  is  convenient  to  use  a  method  of 
a  coherence  matrix  [2] 


J  ^ 


(2) 


whose  elements  depend  on  dispersions  a'l  ,  a'y  and 
mutual  correlation  factors  r^j ,  of  projections  of  a 
field  E^^ ,  Ey  on  the  axis  of  the  cartesian  coordinates 

system  placed  in  a  plane,  perpendicular  to  a  direction 
of  wave  propagation,  and  r^_y  =  r*^ .  Taking  into  ac¬ 
count,  that  for  stationary  processes  the  spectral  den¬ 
sity  of  currents  is  delta-correlated,  we  can  obtain 

^x^y'^xy 

=  J[|  A  ?  Fi.,.FCyN,if)  +  1 A  P  F2.FzyN2if)]df  ’  (3) 
n 

where  Ni{f)  is  a  power  spectrum  of  the  i  -th  antenna 
current,  =  1^2 ,  k  =  x,  y  are  coordinate  pro¬ 

jections  of  vector  pattern  for  each  of  antennas. 

If  combining  in  appropriate  way  indices  x  and  y , 
it  is  possible  to  obtain  from  (3)  the  expressions  for 
elements  of  a  matrix  (2).  Because  of  the  mutual  inde¬ 
pendence  of  partial  fields,  elements  of  matrix  J  do 
not  depend  on  waves  delay  interval  i .  Stocks’ 

parameters  of  a  summary  random  field  sq  =  -\-  a'y  , 

^1  =  I ri  I  cos(arg r,  ^) , 

=  2a^ay\r^  y\sm{aTgr^  y)  allow  calculating  a 
wave  polarization  degree  m  =  +4  +  ^3  /  » 

an  ellipticity  angle  sin  2%  =  53  /  yjsf  4-  sf  +  si  and 
an  orientation  angle  of  the  ellipse  big  axis 
tg2^  =  52/51  of  completely  polarized  wave  com¬ 
ponent  with  the  intensity  yjsi  4-  52  -h  si  .  The  indi¬ 
cated  parameters  characterize  a  wave  polarization 
condition. 

Let's  apply  the  described  technique  for  the  analysis 
of  the  summary  field  parameters  excited  at  an  observa¬ 
tion  point  with  a  pair  of  elementary  electric  dipoles 
turned  from  each  other  by  angle  7  .  For  these  antennas, 
RP  and  DG  do  not  depend  on  the  field  oscillations  fre- 
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quency.  The  radiation  impedance  of  dipoles  depends  on 
frequency.  Antennas  radiate  the  waves  completely  po¬ 
larized  with  linear  polarization.  Because  of  full  inten¬ 
sity  of  a  summary  wave  Sq  ,  polarization  degree  m  and 
ellipticity  angle  x  are  invariant  concerning  system 
coordinates  rotation,  it  is  convenient  to  combine  a  vec¬ 
tor  Fj ,  for  example,  with  an  Ox  -axis.  Then  Fir.  =  F, 
and  Fly  =  0 .  Under  the  specified  conditions  the  ex¬ 
pression  for  Stocks’  parameters  get  a  kind 

Sq  =  CyFi  -f  ar2F2;  =  aiF^  -|-  ar2{F2x  -  F^y); 

(4) 

S2  =  ‘^Q'lF2xFiy\  53  =  0, 


where  factors  a, ,  i  =  1, 2 ,  define  the  mean  field 
intensity  of  the  i  -th  antenna  in  the  direction  of  RP 
main  maximum.  As  53  =  0 ,  a  completely  polarized 
component  of  a  summary  field  is  linearly  polarized 
(.\  =  0). 

Let’s  study  parameters  of  summary  radiation  in  a 
magnetic  plane  of  the  first  vibrator.  Then  |Fi|  =  1, 
F2x  =  cos  7,  F2y  =  sin7sin(/?.  Polarization  degree 


m  and  inclination  angle  ^  of  vector  E  are  deter¬ 
mined  in  accordance  with  the  expressions 


yjl  +  bF2*  +  2b {Fl  -  Fl ) 

m  =  - - - ^  ; 

1  +  hFi 


where  b  —  Qr2lai  , 

First,  consider  parameters  of  a  summary  wave  in 
direction  (p  =  it  f  2.  For  7  =  0  (axes  of  dipoles  are 
parallel),  and  also  for  6  0  or  6  — ►  00  the  sum¬ 

mary  wave  is  completely  polarized  ( m  =  1 ).  Thus, 

vector  E  is  oriented  either  along  an  Oa;-axis,  or 
^  =  7  (for  6— >00).  At7  =  7r/2  (axes  of  dipoles 
are  perpendicular)  and  6  =  1,  the  wave  is  non¬ 
polarized  (m  =  0),  a  vector  F  in  a  cross-section 
plane  occupies  an  equiprobable  position  through  time 
intervals  tk  ~  1  /  II  .  In  all  other  cases,  the  summary 
wave  is  partially  polarized  (0  <  m  <  1 )  [3]. 

We  research  the  dependence  of  a  wave  polarization 
degree  on  angle  (p .  For  this  purpose,  introduce  a  no¬ 
tion  of  RP  of  the  system  of  radiators  in  polarization 
degree  m((p) .  Such  an  RP  m((p)  of  the  fluctuating 
field  does  not  depend  on  the  distance  between  the 
phase  centers  of  dipoles.  This  distance  defines  the  far 
zone  of  a  dipole  pair,  where  parameters  of  a  summary 
field  are  studied. 

In  Fig.  1,  the  dependencies  of  the  full  intensity  of 
the  wave  So  ((^)  normalized  to  the  intensity  of  the  first 

dipole  radiation  for  cases  7  =  7r/2  (a  continuous 
line)  and  7  =  7r/4  (a  dotted  line)  at  6  =  1  are 


Fig.  1.  The  lull  normalized  intensity  of  two  non¬ 
coherent  radiators  system  field 


Fig.  2.  RP  in  a  polarization  degree  of  system  of  two 
radiators  of  noise  fields 


shown.  In  Fig.  2,  dependencies  7n{ip)  for  the  same 
cases  are  presented. 

At  7  =  7r/2 ,  the  full  intensity  of  radiation  and  a 
polarization  degree  of  a  summary  field  essentially 
depends  on  an  angular  direction  ip.  In  directions 

(p  =  0^  and  180®  (both  dipoles  are  in  one  plane  with 
an  observation  point),  only  one  dipole  radiates 
(so  =  1),  therefore,  the  field  is  completely 

polarized  (m  =  1,  Fig.  2).  In  directions  tp  =  90® 
and  ip  =  270®  two  dipoles  are  located  in  a  picture 
plane  concerning  an  observer  and  radiate  non¬ 
coherent  fields  of  orthogonal  polarization  and  equal 
intensity.  Therefore,  the  full  intensity  is  doubled 
(5o  =2,  Fig.  I),  and  the  summaiy  field  is  com¬ 
pletely  non-polarized  (m  =  0,  Fig.  2).  At  other  an¬ 
gles  ip ,  the  full  intensity  lies  in  the  limits  of  from  1  to 
2,  the  degree  of  polarization  changes  from  0  up  to  1 . 

At  7  =  7r/4,  the  full  intensity  and  a  polarization 
degree  has  weaker  direction.  At  any  angle  ip  both 
dipoles  radiate,  therefore,  sq  >  1 .  The  field  is  polar¬ 
ized  much  stronger  (the  minimal  polarization  degree 
m  =  0.707 ),  what  is  stipulated  by  the  greater  inten¬ 
sity  of  a  rr  -component  of  the  summary  field.  The  an¬ 
gular  dependence  55  (v?)  is  determined  by  the  directed 
radiation  of  the  second  dipole. 

Thus,  in  the  common  case,  two  sources  of  inde¬ 
pendent  noise  radiations  of  linearly  polarized  waves 
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create  partially  polarized  field  in  the  far  zone.  The 
completely  polarized  component  has  a  linear  polariza¬ 
tion.  The  polarization  degree  and  orientation  angle  of 

vector  E  depend  on  relationship  of  intensities  of  ra¬ 
diated  fields  in  the  specified  direction  and  mutual  ori¬ 
entation  of  dipoles.  Parameters  of  the  partially 
polarized  field  do  not  depend  on  partial  fields  delay 
interval.  These  fields  are  summarized  non-coherently 
at  an  observation  point,  what  reduces  the  directional 
properties  of  the  system  of  radiators. 
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Abstract 

A  new  concept  for  design  of  scanning  antennas  is  suggested.  The  concept  is  based 
upon  a  combination  of  a  single  radiating  element  movement  with  antenna  aperture 
synthesizing.  The  radiator  movement  may  be  either  real  or  virtual  one.  In  turn,  the 
latter  may  be  either  mechanical  or  electronic  one.  In  the  paper,  the  case  of  electrome¬ 
chanical  motion  is  preferably  considered.  Various  realizations  of  real  and  virtual 
movements  of  the  radiator  are  shortly  described.  Examples  of  the  concept  implement¬ 
ing  are  presented.  Advantages  and  drawbacks  of  the  concept  arc  briefly  discussed. 

Keywords;  Scanning  Antenna.  Synthetic  Aperture,  Radiator,  Electromechanical 
Scanning.  MEMS 


1.  Introduction 

Development  of  scanning  antennas  is  still  a  challenge  for 
radar  engineers.  There  are  several  design  problems  to  be 
solved  for  providing  of  scanning  antenna  performance, 
such  as  low  sidelobes  levels,  smoothness  of  antenna  am¬ 
plitude  and  phase  patterns,  large  number  of  antenna 
beam  positions,  low  power  consumption,  etc.  Many 
technical  approaches  have  been  suggested  for  design  of 
scanning  antennas  [1],  They  may  be  split  into  two  big 
classes:  (a)  electromechanical  (mechanical)  scanning  and 
(b)  electronically  scanning:  phased-array  antenna  (PAA). 
A  fast  scanning  and  flexibility  in  resetting  of  scanning 
program  are  basic  advantages  of  the  latter  approach. 
However,  that  concept  poses  numerous  drawbacks  as 
well:  strong  parasitic  coupling  of  the  radiating  elements, 
big  losses,  roughness  of  the  phase  antenna  pattern,  re¬ 
stricted  scanning  angles,  etc.  With  this  respect,  mechani¬ 
cal  scanning  may  provide  much  better  performance,  but 
it  is  much  slower.  Recently,  a  compromise  approach  has 
been  elaborated  to  go  around  some  of  the  above  draw¬ 
backs:  application  of  Micro-Electro-Mechanical  System 
(MEMS)  switches  for  proper  connections/  disconnec¬ 
tions  of  patch  elements  in  PAA.  Combination  of  a  real 
aperture  antenna  with  virtual  movement  of  a  patch  radia¬ 
tor  for  aperture  synthesizing  on  receive  only  has  been 
suggested  in  [2].  Similar  idea,  but  suitable  for  design  of 
transmit/receive  antennas  with  electro-mechanical  scan¬ 
ning  has  been  suggested  in  [3]. 

In  the  paper,  a  new  concept  for  designs  of  scanning 
transmit/receive  antennas  is  suggested.  The  concept  is 
based  upon  a  combination  of  a  single  radiating  ele¬ 
ment  movement  with  antenna  aperture  synthesizing. 
Physically,  the  radiator  movement  may  be  either  real 
or  virtual  one.  In  turn;  the  virtual  movement  may  be 


either  mechanical  or  electronic  one.  The  case  of  elec¬ 
tro-mechanical  motion  is  preferably  considered.  Vari¬ 
ous  realizations  of  real  and  virtual  movements  of  the 
radiating  element  are  considered.  Examples  of  the 
concept  implementing  are  presented.  Advantages  and 
drawbacks  of  the  concept  are  briefly  discussed. 

2.  General  Description  of  the 
Approach 

The  basic  idea  of  the  suggested  approach  consists  in 
the  following  [4].  For  antenna  beam  forming  and 
scanning,  we  use  the  principles  of  ID-PAA,  but  using 
radiation/reception  of  electromagnetic  pulses  at  each 
position  of  a  single  radiating  element  rather  than  si¬ 
multaneous  radiation/reception  by  all  elements  of  the 
ID-PAA,  as  usually.  In  other  words,  we  use  the  con¬ 
cept  of  synthetic  aperture  radar  being  applied  in  the 
situation  of  a  1 D-PAA  having  a  real  aperture.  Gener¬ 
ally,  this  approach  enables  application  of  both  various 
types  of  radiating  elements  and  methods  for  imple¬ 
menting  of  its  movement  along  the  antenna  aperture. 
The  following  parameters  are  of  the  most  interest:  (I) 
antenna  beam  width,  (2)  number  of  beam  positions, 
(3)  antenna  pattern  sidelobes  and  (4)  time  of  full  scan. 
In  the  scanning  antenna  suggested,  the  beam  width  is 
defined  by  its  real  aperture,  while  the  number  of  beam 
positions  is  defined  by  that  of  measurement  positions 
for  the  radiating  element.  The  sidelobes  level  will 
depend  on  the  phase-amplitude  distribution  (weight¬ 
ing  function)  along  the  real  aperture  of  the  antenna. 
Finally,  the  time  of  full  scan  is  defined  by  both  radiat¬ 
ing  element  shift  time  to  a  neighboring  position  and 
numbers  of  those  positions.  This  parameter  is  limited 
by  the  required  data  acquisition  time  at  each  position. 
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Besides,  in  order  to  implement  a  full  scan  in  real  time 
scale  one  has  to  perform  both  range  and  azimuth 
compressions  in  quasi-real  time  scale.  The  latter  is  to 
be  implemented  with  help  of  an  appropriate  digital 
signal  processor,  which  is  nowadays  feasible  for  many 
short  range  applications. 

3.  Technical  Implementations 

We  have  suggested,  elaborated  and  tested  several  an¬ 
tennas  for  Implementing  of  the  suggested  concept. 

3.1.  Helical-Slot  Spinning  Antenna 

This  antenna  should  consist  of  two  hollow  co-axial  cyl¬ 
inders.  The  outer  cylinder  has  a  longitudinal  slot  parallel 
to  the  cylinders  axis,  while  another  one  contains  a  heli¬ 
cally  shaped  waveguide  with  either  a  single  longitudinal 
slot  or  set  of  half-wavelength  slots  properly  oriented  with 
respect  to  the  slot  of  the  outer  cylinder.  When  rotating, 
the  inner  cylinder  will  cause  movement  of  the  longitudi¬ 
nal  slot  and  helical  waveguide  cross-point  along  the  slot. 
In  this  way,  we  realize  a  linear  motion  of  the  radiating 
element  provided  radiation  suppression  by  other  half¬ 
wavelength  slots.  Scanning  rate  of  such  antenna  is  de¬ 
fined  by  rotation  rate  of  the  inner  cylinder  and  may  be 
rather  high  provided  a  properly  fast  SAR  processor.  This 
type  of  scanning  antennas  is  described  in  [4]  in  more 
details.  It  should  be  noticed  that  the  principle  of  linear 
motion  of  a  cross-point  of  helical  slot  and  linear  one  be¬ 
cause  of  helical  slot  rotation  has  been  used  in  so  called 
helical  scanner  [1].  However,  both  the  fiinction  and  de¬ 
sign  of  that  scanner  cardinally  differ  from  those  in  the 
suggested  scanning  antenna. 

3.2.  Slot-in-Tape  Scanning  Antenna 

Another  technical  approach  to  realization  of  the  sug¬ 
gested  principle  represents  itself  the  following.  As  a 
real  aperture  antenna,  one  has  to  use  a  waveguide  with 
a  not-radiating  half-wavelength  longitudinal  slot  in  its 
wider  wall.  When  covering  this  wall  by  a  metallic 
tape  with  a  half- wavelength  transverse  slot  one  pro¬ 
vides  condition  for  resonant  radiation  of  the  wave 
traveling  inside  the  waveguide.  In  order  to  enhance  its 
efficiency  one  has  to  place  a  short  circuit  at  the  proper 
distance  from  the  radiating  slot.  The  tape  is  to  be  self- 
connected  into  a  ring  and  rotated  with  a  certain  speed. 
Scanning  rate  depends  on  the  tape  ring  rotating  speed 
and  also  may  be  rather  high  provided  a  properly  fast 
SAR  processor.  Unlike  the  previous  case,  this  antenna 
does  not  need  a  rotary  joint.  This  type  of  antenna  has 
been  also  developed  and  tested  in  LNDES.  The  tests 
showed  excellent  results  concerning  its  suitability  for 
scanning  antenna  design  on  the  basis  of  aperture  syn¬ 
thesizing  principle. 

3.3.  Flip-Flop  Slot  Waveguide  Antenna 

In  that  type  of  scanning  antennas  a  virtual  movement 
of  the  radiating  element  is  suggested.  The  antenna 
consists  of  a  waveguide  with  a  linear  array  of  equally 
spaced  resonant  radiating  slots.  Each  slot  is  covered 


by  a  three-state-screening  strip  (TSSS)  having  three 
different  states:  (1)  open,  (2)  close  and  (3)  chop.  The 
first/second  state  is  used  to  open/close  each  radiating 
slot  according  to  the  control  signal,  while  the  third 
state  is  used  to  stop  propagation  of  the  feeding  wave 
through  the  waveguide  for  enhancement  of  the  radia¬ 
tion  efficiency.  Flip-Flop  operation  is  to  be  imple¬ 
mented  by  electro-mechanical  switches,  e.g, 
combination  of  springs  with  electro-magnets.  A  linear 
virtual  motion  of  the  radiating  slot  is  performed  via 
switching  of  the  TSSSs  in  the  way  enabling  for  each 
slot  a  sequential  alternation  of  the  following  states: 
chop-state,  open-state  and  close-state.  The  scanning 
rate  of  that  antenna  will  be  defined  by  time  of  TSSS 
electro-mechanical  switching. 

3.4.  Flip-Flop  Patch  Scanning  Antenna 

Similar  design  may  be  implemented  for  patch  antennas. 
With  this  aim,  one  has  to  prepare  a  linear  array  of  radi¬ 
ating  patches  at  the  upper  row  and  chop  patches  at  the 
lower  row  while  feeding  strip- line  is  to  be  placed  be¬ 
tween  them.  Each  patch  should  be  fed  through  a  flip- 
flop  switch.  A  linear  virtual  motion  of  the  radiating 
patch  is  performed  via  connecting/disconnecting  of  the 
radiating  patches  and  chop  patches  in  the  way  similar  to 
that  in  the  previous  case:  (1)  “radiating  patch  discon¬ 
nected”  and  “chop  patch  connected”;  (2)“radiating 
patch  connected”  and  “chop  patch  disconnected”,  (3) 
“radiating  patch  disconnected”  and  “chop  patch  dis¬ 
connected”.  In  order  to  provide  high  efficiency,  low 
cross-talk,  high  decoupling  of  the  radiating  patches  one 
has  to  use  either  electronic  switches  having  small  losses 
and  high  rate  isolation,  or  electromechanical  flip-flop 
switches  possessing  similar  performance. 
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Abstract 

Preliminary'  results  of  implementation  of  a  new  approach  to  design  of  scanning  an¬ 
tennas  are  presented.  Combining  mechanical  movement  of  a  simple  radiator  along  a 
real  aperture  of  a  stationary  antenna  with  the  concept  of  the  antenna  aperture  synthe¬ 
sizing  is  the  main  idea  of  that  approach.  Helical-Slot  Synthetic  Aperture  Antenna  has 
been  suggested,  designed  and  tested  in  Ka-band.  The  tests  shown  a  good  agreement 
with  theoretical  evaluations,  as  well  as  a  high  efficiency  of  the  suggested  antenna  in 
transmit/receive  operating  mode.  A  high  azimuth  resolution  is  provided  by  the  an¬ 
tenna  in  the  near-field  zone  for  relatively  small  real  antenna  apertures. 

Keywords;  scanning  antenna,  near-field  and  far-fleld  zones,  antenna  pattern,  Helical- 
Slot  Synthetic  Aperture  Antenna,  azimuth  resolution,  remote  sensing 


1.  Introduction 

Scanning  antennas  are  used  for  radar  design  when  both 
resolution  in  range  and  azimuth  are  required,  e.g.  vari¬ 
ous  surveillance  radars.  Nowadays,  designs  of  fast 
scanning  antennas  having  a  large  number  of  beam  posi¬ 
tions  is  a  big  challenge,  specifically  design  of  trans¬ 
mit/receive  antennas  of  that  type.  A  promising 
approach  has  been  recently  suggested  in  [1],  Combin¬ 
ing  mechanical  movement  of  a  simple  radiator  along  a 
real  aperture  of  a  stationary  antenna  with  the  concept  of 
antenna  aperture  synthesizing  is  the  main  idea  of  that 
approach.  Actually,  in  that  approach,  observation  of  a 
territory  via  real  beam  scanning  in  azimuth  and  range 
scanning  due  to  pulsed  waveform  is  substituted  with 
mapping  of  the  same  area  using  synthetic  aperture  radar 
concept.  It  turned  out  that  this  approach  enables  a  de¬ 
signer  to  implement  antenna  having  capability  of  vir¬ 
tual  azimuth  beam  scanning  with  the  number  of  beam 
positions  not  available  for  standard  methods.  Similar 
approach,  but  with  electronic  switching  of  the  receiving 
elements  has  been  investigated  in  [2],  It  is  worth  to 
note,  that  capability  of  scanning  in  near  field  (for  the 
whole  real  aperture)  range  is  another  essential  advan¬ 
tage  of  such  scanning  antennas. 

In  the  paper  we  describe  one  of  the  methods  for  im¬ 
plementing  of  the  above  approach  and  present  the  pre¬ 
liminary  results  of  design  and  development  of  helical- 
slot  synthetic  aperture  antenna  in  Ka-band.  In  the  an¬ 
tenna  design,  electromechanical  movement  of  the 
transmit/receive  resonant  slot  antenna  is  provided  along 
the  real  aperture  of  a  stationary  antenna.  For  that,  we 
used  well  known  idea  of  fast  motion  of  a  cross-point  of 
a  helix  and  linear  waveguide  [3],  but  in  a  different  and 


new  implementation.  The  antenna  suggested  is  to  be 
used  in  combination  with  a  coherent  radar  capable  of 
preserving  the  phase  ratios  between  transmitted  and 
received  signals  during  the  mapping  period  of  an  area. 
The  latter  is  required  for  application  of  the  synthetic 
aperture  radar  concept  [4]  to  provide  scanning  of  the 
virtual  antenna  beam  over  the  mapped  area.  High  azi¬ 
muth  resolution  is  equivalent  to  a  large  number  of  an¬ 
tenna  beam  positions  for  real  scanning  antenna. 

2.  Helical-Slot  Synthetic  Aperture 
Antenna 

The  Helical-Slot  Synthetic  Aperture  Antenna 
(HSSAA)  suggested  is  made  of  two  metal  hollow  cyl¬ 
inders,  one  of  which  is  coaxially  inserted  into  another 
with  the  minimal  backlash  between  their  surfaces.  The 
appearance  of  the  suggested  antenna  and  some  details 
of  its  design  are  shown  in  Fig.  1,  while  Fig.  2  shows 
(schematically)  the  Ifagment  of  its  cross  section  (flat¬ 
ted  version). 

The  inner  cylinder  is  mounted  with  a  possibility  of 
its  rotation  around  the  cylinders  axis  OX .  It  is  re¬ 
ferred  to  as  the  HSSAA  rotor.  The  outer  cylinder, 
referred  to  as  the  HSSAA  stator,  contains  a  longitudi¬ 
nal  slot  supplied  with  2D-hom,  i.e.  plane-parallel 
waveguide  with  smoothly  increasing  cross-section.  A 
helically  formed  rectangular  waveguide  (HFRW)  is 
incorporated  into  the  rotor  body.  Fig. lb.  In  the  HFRW 
narrow  wall,  the  rectangular  resonant  slots  are  cut 
with  the  required  period,  6z  and  parallel  to  the  OX 
axis.  Hence,  when  rotating  the  rotor,  the  HFRW  slots 
will  be  serially  overlapping  with  the  slot  of  the  2D- 
hom.  The  overlapping  of  the  slots  will  occur  at  the 
equally  spaced  positions  along  the  OX  axis,  at  the 
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Fig.  1.  Helical-Slot  Synthetic  Aperture  Antenna: 

a)  General  view  and  antenna  stator; 

b)  Antenna  rotor  with  array  of  resonant  slots 
in  the  helically  formed  rectangular  waveguide 

consecutive  moments  of  time  4  •  "The  period  of  the 
HFRW  slots  spacing  is  taken  in  the  way  that  the  exci¬ 
tation  of  the  2D-horn  is  possible  through  one  and  only 
one  slot  in  a  time.  The  transceiver  of  the  synthetic 
aperture  radar  is  to  be  connected  to  the  HFRW  via 
waveguide  rotary  join. 

The  resonant  slots  in  the  HFRW  narrow  wall  may 
excite  a  parasitic  propagating  wave  inside  the  back¬ 
lash  between  the  rotor  and  stator  of  the  antenna, 
which,  in  fact,  is  a  slightly  curved  plane-parallel 
waveguide.  In  order  to  prevent  excitation  of  that  wave 
short  circuit  grooves  (chokes)  are  to  be  made  in  the 
rotor  body  along  both  sides  of  the  HFRW. 

Maximal  power,  radiated  by  a  resonant  slot  in  a 
rectangular  waveguide,  is  no  more  than  50  %  of  the 
power  of  the  propagating  waveguide  wave.  That  ra¬ 
diation  can  be  increased  up  to  100  %,  when  a  reflect¬ 
ing  load  will  be  placed  at  the  certain  distance  from  the 
slot  [5].  In  order  to  enhance  the  HSSAA  radiating 
efficiency  we  have  used  the  idea  of  reflecting  load 
that  increases  radiation  efficiency  of  each  slot  exciting 
the  2D-hom  at  any  given  moment. 

We  have  used  the  following  design:  when  the 
HFRW  slot  excites  the  2D-hom,  the  next  HFRW  slot 
is  shielded  by  the  HSSAA  stator  inner  surface  and, 
hence,  does  not  radiate.  If  exactly  in  that  place  of  the 
HSSAA  stator  body  to  place  a  resonator  it  will  inter¬ 
act  with  the  (n+1)  slot  of  the  HFRW  ensuring  the 
required  reflection  rate  inside  the  HFRW.  As  the  slots 


X  Y 

Fig.  2.  Cross-Section  (flatted  version)  of  the  Heli¬ 
cal-Slot  Scanning  Antenna.  Waveguide  slot 
radiator  arrangement:  1  -  HFRW,  2  -  reso¬ 
nant  slots,  3  -  resonant  chokes 


Fig.  3.  Dependence  of  HSSAA  radiation  power  as 
function  of  the  HSSAA  rotor  turn  angle 

are  located  periodically,  the  increase  in  the  radiation 
efficiency  is  achievable  for  any  slot.  The  reflecting 
resonator  represents  a  groove  of  a  rectangular  cross 
section  in  the  HSSAA  stator  body  (see  2D-cavity  in 
Fig.  2).  The  radiation  efficiency  of  the  HSSAA 
achieved  experimentally  was  96  %  at  the  error  of 
measurements  ±4%. 

Excitation  of  the  2D-hom  will  take  place  not  only 
at  the  moments  of  symmetrical  overlapping  of  the 
HFRW  resonant  slots  and  the  slot  of  the  2D-hom,  but 
also  within  some  range  of  mutual  displacements  of  the 
rotor  and  stator  slots.  Indeed,  Fig.3  shows  the  depend¬ 
ence  of  the  power,  radiated  by  HSSAA  under  investi¬ 
gation  as  a  function  of  the  HSSAA  rotor  turn  angle. 
The  angular  size  of  both  slots  equals  to  0.9°,  while 
their  mutual  angular  displacement  is  2.1°  when  scan¬ 
ning  the  antenna  via  rotor  spinning.  The  case  of  con¬ 
secutive  passages  by  two  slots  is  illustrated.  It  is 
clearly  seen  the  shielding  effect  by  the  HSSAA  stator. 
In  the  antenna  suggested,  the  radiation  of  probing 
pulses  and  reception  of  radar  returns  occur  for  differ¬ 
ent  positions  of  resonant  slots  equally  spaced  by  spa¬ 
tial  period  Ax  at  the  consecutive  moments  of  time 
tji  -  {n  +  N)Ay /(Rfl) ,  where  Q  is  the  angular  fre- 
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Fig.  4.  Geometry  for  calculation  of  the  synthetic  ap¬ 
erture  antenna  pattern  in  the  near-field  zone 

S(X)  .dB 


Fig.  5.  Synthetic  aperture  antenna  pattern  for 
HSSAA  in  its  near-field  zone 

quency  of  the  HSSAA  rotor  spinning;  Ay  =  Axtga 
is  spacing  between  resonant  slots  along  OY  axis;  R 
is  the  radius  of  the  rotor;  a  is  the  helix  angle; 
n  = -AT,... -1,0,1,.. ..AT  and  2N  I  is  the  number  of 
the  resonant  slots.  The  HSSAA  real  aperture  equals 
L  =  2NAx . 

Taking  into  account  geometry  and  notations  of 
Fig.  4,  one  can  calculate  [4]  the  antenna  pattern  for 
the  HSSAA  from  the  following  equation: 

N 

SpiX,XQ)=  E  f(;>:o,-.A-)‘s(A-.Xo,nAx) 

where  F(Xo,nAx)  =  ;  r„  {X)  = 

=  -\-(X  -  nAx)^  ;  s(RQ,X,nAx,t)  = 

=  ^  a  are  radar  returns 

having  a  delayed  amplitude  kA{t  —  T,^)\ 
T„  =  2r„  {X)lc  ;  =  27rc/  A  ;  A  is  the  wavelength 
of  the  probing  signal;  c  is  velocity  of  light.  The  rest  of 
the  notations  are  to  be  seen  in  Fig.  4. 


Fig.  6.  HSSAA  antenna  patterns  in  a  H-plane:  1  - 
measured  resulting  HSSAA  antenna  pattern;  2 
-  radiation  from  chokes  only;  3  -  no  chokes, 
resonant  slot  only;  dashed  line  -  theory 

The  above  equations  are  valid  not  only  for  the 
HSSAA  far-field  zone,  but  also  for  its  near-field  zone. 
Evaluation  of  the  HSSAA  pattern  using  these  equa¬ 
tions  has  shown  its  capability  of  a  high  azimuth  reso¬ 
lution  in  the  near-field  zone.  Fig.  5  shows  the  HSSAA 
pattern  for  the  following  set  of  parameters: 

A  =  0.01m;  L  =  0.7m;  R^^X^^  10m;  AT  =  100 . 

It  is  seen,  that  with  these  parameters  we  may  achieve 
-3dB  azimuth  resolution  of  AAr  =  0.10m  in  the 
near-field  zone. 

In  this  way,  the  design  suggested  enables  imple¬ 
menting  of  HSSAA  with  the  real  aperture  L  for  sta¬ 
tionary  (non-moving)  installation  of  the  equipment, 
provided  synchronization  of  the  pulse  repetition  pe¬ 
riod  of  the  probing  signal  with  that  of  resonant  slot 
flashing  in  the  longitudinal  slot  of  the  stator: 
At  =  AyURTt) ,  when  scanning  the  antenna  via  spin¬ 
ning  of  its  rotor. 

3,  Preliminary  Results  of  the 
Helical-Slot  Synthetic  Aperture 
Antenna  Tests 

Using  results  of  theoretical  and  experimental  model¬ 
ing  of  the  suggested  antenna  elements  [5,  6]  the  ex¬ 
perimental  model  of  the  HSSAA  was  designed  and 
tested.  We  have  studied  linear  azimuth  resolution  of 
the  HSSAA  at  distances  from  ten  to  hundred  meters 
within  azimuth  scanning  sector  of  120  degrees  by  a 
method  of  antenna  aperture  synthesizing.  The  meas¬ 
urements  were  carried  out  at  the  radar  working  fre¬ 
quency  /  =  30.1  GHz.  In  the  whole,  the  test  has 
confirmed  the  azimuth  resolution  expected  from  theo¬ 
retical  evaluations.  However,  more  careful  studying  of 
the  antenna  pattern  fine  structure  has  revealed  a  sig¬ 
nificant  departure  of  the  antenna  pattern  from  its  theo¬ 
retical  expectation.  It  is  seen  rather  strong  roughness 
of  the  antenna  pattern.  Let’s  discuss  the  most  probable 
reason  for  that  distortion.  The  antenna  pattern  in  ele¬ 
vation  plane  (E-plane)  is  formed  by  the  2D-hom  and 
agrees  with  theory  within  the  limits  of  measurements 
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errors.  In  azimuth  plane  (H-plane),  the  2D-hom  does 
not  strongly  affect  the  antenna  pattern  and  it  approxi¬ 
mately  corresponds  to  the  antenna  pattern  of  a  reso¬ 
nant  slot  in  a  screen.  In  Fig.6  theoretical  antenna 
pattern  is  shown  with  dashed  line.  The  measured 
HSSAA  antenna  pattern  in  azimuth  plane  is  presented 
in  Fig.  6  by  curve  1.  It  is  seen  a  rather  strong  rough¬ 
ness  of  the  HSSAA  antenna  pattern.  The  additional 
studying  has  shown,  that  along  with  the  radiation 
from  the  resonant  slot  there  is  additional  parasitic 
radiation  from  chokes  (see  curve  2  in  the  Fig.  6).  If  to 
leave  the  resonant  slot  open  and  to  put  an  absorber 
into  the  choke  grooves  the  roughness  decreases  sig¬ 
nificantly,  as  it  is  seen  from  the  curve  3  in  Fig.  6. 

The  most  probable  reason  for  that  is  the  wave  ex¬ 
ited  in  the  space  between  the  antenna  rotor  and  stator 
surfaces  which  propagates  along  HFRW  and  causes 
the  partial  radiation  when  it  crosses  the  interaction 
area  of  the  2D-hom.  The  interference  of  that  parasitic 
radiation  with  the  main  radiation  from  the  resonant 
slot  causes  the  roughness  of  the  antenna  pattern.  Pre¬ 
venting  excitation  of  that  parasitic  wave  via  properly 
choosing  of  working  frequency  one  may  improve  sig¬ 
nificantly  the  HSSAA  pattern  smoothness. 

4.  Conclusions 

We  have  presented  preliminary  results  of  implementa¬ 
tion  of  a  new  approach  to  virtual  scanning  antennas 
design.  The  main  idea  of  that  approach  consists  in 
combining  of  mechanical  movement  of  a  simple 
transmit/receive  antenna  along  aperture  of  a  stationary 
antenna  and  the  concept  of  the  antenna  aperture  syn¬ 
thesizing.  The  Helical-Slot  Synthetic  Aperture  An¬ 
tenna  has  been  suggested,  designed  and  tested  in  Ka- 
band.  The  tests  have  shown  a  good  agreement  with 
theoretical  evaluations,  as  well  as  a  high  efficiency  of 
the  suggested  antenna  in  transmit/receive  operating 
mode.  A  high  azimuth  resolution  is  provided  by  the 
antenna  in  its  near-field  zone  for  relatively  small  real 
antenna  apertures.  In  order  to  realize  virtual  beam 
scanning  in  real  time  scale  using  the  antenna  sug¬ 
gested  one  has  to  use  rather  fast  SAR-imaging  algo¬ 
rithms  and  DSPs.  However  there  are  many 
applications  where  a  real  time  scale  is  not  required. 
For  instance,  the  HSSAA  is  very  suitable  for  devel¬ 
opment  of  remote  sensing  systems  for  monitoring  of 


structural  and  other  changes  in  natural  and  manmade 
objects  [7,  8],  such  as  large  buildings,  bridges,  dams, 
etc.,  as  well  as  monitoring  of  objects  with  intensive 
movement  of  vehicles,  such  as  airport,  seaports,  cross¬ 
roads  of  highways,  etc.  Usage  of  radar  systems  in¬ 
stead  of  or  in  addition  to  optical  ones  is  forced  by  the 
requirement  of  day  &  night  data  acquisition  under 
difficult  weather  conditions. 
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Abstract 

The  determination  problem  of  wide  band  wave  field  parameters  in  continuous  me¬ 
chanical  media  is  considered.  The  problem  is  solved  by  means  of  the  accurate  meas¬ 
urements  of  displacements  and  strain  of  the  certain  number  of  medium  elements 
together  with  subsequent  numeric  development  and  data  processing. 

Keywords:  laser  interferometer,  seismic  array,  acoustic  wave,  earth  strain 


The  oscillations  which  are  excited  by  the  source  of 
any  physical  nature  in  the  continuous  mechanical  me¬ 
dium  can  be  presented  as  some  superposition  of  rela¬ 
tive  spatial  displacements  of  medium  particles.  These 
displacements  cause  the  variations  of  pressure  or  ten¬ 
sion  in  the  medium  depending  on  their  mechanical 
properties. 

The  simple  problem  of  the  acoustic  wave  tests  in 
the  liquid  or  gas  medium  is  usually  solved  by  meas¬ 
urements  of  the  temporal  pressure  variations  dp{t)  at 
some  point  x  within  this  medium.  In  the  three- 
dimensional  case,  the  space-time  distribution  of  the 
scalar  pressure  field  is  the  function  of  four  variables: 

P  =  ^  =  1,2,3; 

where  t  is  time. 

The  equation  of  such  a  medium  motion  is  ex¬ 
pressed  as  follows: 

iojpv  =  grad  p  ,  (1) 

where:  v  is  the  velocity  vector  of  the  particle  spatial 
displacements  ik[vk  ■=  dik  ! dt,  A:  =  1,2,3);  p  is 

the  scalar  pressure;  u;  is  the  frequency  of  the  complex 
amplitudes  of  wave  field,  i  =  >/^  . 

One  pressure  sensor  can  measure  the  intensity  of 
the  wave  oscillations.  For  determination  of  the  spatial 
wave  field  parameters  (the  direction  to  a  source  of 
oscillations  and  its  localization),  the  acoustic  array  of 
N  sensors  has  to  be  used  [1]: 

Pu  =  PAt),  n  =  2,3,...,Ar 

Another  situation  occurs  when  the  wave  field  dis¬ 
tribution  is  probed  in  the  elastic  continuous  medium. 
The  basic  equation  of  motion  in  such  a  medium  is 
expressed  as  [2]: 

p  d%/df  =  K  d%,  /dxidx,,,  +  q  /dx^{2) 

The  left  part  of  this  equation  includes  the  temporal 
derivations  of  particle  displacement  vector  : 


6-  =  Km  =  1,2,3, 

whereas  the  right  one  represents  the  combinations  of 
the  spatial  displacement  derivations  in  some  given 
plain  =  0 ;  k  and  q  are  the  combinations  of 
Lame’s  constants,  which  determine  the  elastic  me¬ 
dium  properties.  This  kind  of  media  motions  usually 
are  detected  by  three-component  accelerometers, 
which  measure  every  component  of  the  acceleration 
vector  9^4  /  • 

A  three-component  accelerometer  alone,  in  addi¬ 
tion  to  the  wave  intensity,  is  able  to  determine  the 
direction  to  the  oscillations  source.  The  source  local¬ 
ization  is  defined  when  using  the  velocities  difference 
of  refining  longitudinal  and  transversal  components  of 
the  elastic  waves  (the  so  called  primary  and  secondary' 
seismic  waves).  One  can  see  that  the  amount  of  in¬ 
formation  has  been  increased  here  in  comparison  with 
the  above  acoustic  methods  (1)  of  the  wave  field  pa¬ 
rameters  determination. 

We  resort  to  the  next  approach  of  the  elastic  wave 
detection  improvement  in  continuous  media.  It  is 
based  on  application  of  the  precise  laser  interferome¬ 
ters  for  measurements  of  the  medium  strains  in  the 
wave  field  distribution  to  be  studied.  This  technique 
deals  with  the  values  in  the  right  part  of  equation  (2), 
which  actually  relate  to  the  strain  tensor  of  the 
tested  medium.  This  tensor  has  9  components,  and  6 
of  them  are  pair-wise  ones  equal  to  [2]: 

Phn  =  Pmk,  Km  =  12,3 

In  such  a  way  we  can  significantly  increase  the 
amount  both  of  calculating  parameters  and  equations 
for  their  determination.  In  addition,  we  suggest  to 
apply  the  multi-component  laser  strainmeter  system 
[3]  to  realize  the  advantages  of  this  method. 

The  technique  consists  in  measuring  the  small  in¬ 
crements  of  strain  sensor  base-lengths  Lf^. : 

dK.  =  (x„ )  -  {Xf, ),  k  =  1,2,3, 
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Fig.  1.  Seismo-acoustic  antenna-array 
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Fig.  2.  The  result  of  antenna  data  processing 

Xa  and  xj  are  the  vector  points  of  the  laser 
interferometer  arms. 

In  this  procedure,  the  spatial  derivative  is  recorded: 
d^kl^Xf,.  =  dLk/h, 

if  Lf^.  =  |Xa  -  Xft  I  — >  0  .  As  we  have  earlier  shown 
[4],  this  condition  is  satisfied  when  the  strainmeter 
base-length  is  much  less  than  the  wave-length  A  of 
seismic  disturbance  Li^,  A.  For  arbitrary  relation 
between  A  and  Lf^, ,  the  azimuth  diagram  of  strain 
sensor  have  been  found  [4]. 

Having  the  number  of  strainmeter  components,  one 
can  determine  both  the  intensity  of  wave  oscillations 
and  field  spatial  characteristics:  the  direction  to  the 
signal  source,  its  localization,  and  motion. 

In  Fig.  1  the  diagram  of  the  proposed  antenna  set  is 
shown. 


It  consists  of  N  spatially  distributed  strain  sensors. 
Each  of  them  is  the  multi-component  laser  interfer¬ 
ometer  with  the  horizontal  and  vertical  measuring 
arms  [5].  Eveiy  laser  sensor  measures  the  strain  com¬ 
ponents  of  the  seismo-acoustic  field.  In  this  way  we 
obtain  the  x  AT  strain  amplitudes: 

dAr/ij  A:  =  1,2,3,  n  =  2,...,A/' 

Our  technique  implies  also  the  capability  of  phase- 
difference  measurements: 

A:  =  1,2,3,  n  =  2,...,iV'-l 

The  calculation  method  [3]  is  used  to  obtain  the 
wave  amplitudes  and  the  azimuth  angle  which  deter¬ 
mines  the  direction  to  the  source.  If  the  processor  unit 
(Fig.  1)  operates  permanently,  the  dynamic  azimuth 
diagram  (Fig.  2)  can  be  displayed  in  real  time. 

We  have  applied  seismo-acoustic  antennas  to  de¬ 
tect  both  the  acoustic  and  seismic  sources  of  signals. 

Our  recent  experiments  are  directed  to  the  precise 
recording  of  the  seismic  waves  with  spatially  distrib¬ 
uted  laser  interferometers.  We  apply  remote  instru¬ 
ments  with  base-length  —  1...300  m  [6]  which 
are  placed  apart  at  a  distance  of  up  to  140  km  with 
respect  to  each  other  for  investigations  of  unusual 
wave  propagation  appearances. 
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Abstract 

Numerical  and  research  results  of  investigation  and  optimization  of  the  distributive 
system  of  the  monopulse  Phased  Array  Antenna  (PAA)  with  circular  aperture  based  on 
the  radial  waveguide  are  presented.  The  research  was  carried  out  with  decomposition 
technique  using  a  one  term  approximation  of  the  induced  EMF. 

Keywords:  monopulse  PAA,  radial  waveguide,  collector  array,  coaxial  probes, 

amply-phase  distribution  (APD),  aperture  efficiency  factor  (AEF),  side- 
lobe  level  (SLL),  parameter  synthesis,  iterative  algorithm. 


1.  Introduction.  The  Present  State 
AND  Future  of  the  Air-Borne  PAAs 
FOR  Radar  Systems 

There  is  a  big  interest  as  for  the  modem  aircraft  in  the 
flat  mono-pulse  PAA  designs  with  circular  aperture, 
minimal  longitudinal  sizes,  integrated  construction 
(including  radiating  elements,  phase  shifters,  sum- 
difference  and  distributive  microwave  subsystems) 
and  high  techno-economical  performance.  For  the 
urgent  air-bome  radar  frequency-band  around 
'-10  GHz,  the  above-mentioned  requirements  are  sat¬ 
isfied  to  a  fullest  measure  by  mono-pulse  PAAs  on 
the  basis  of  radial  distributive  waveguides. 

The  basic  advantages  of  the  radial  lines  are  the  radio 
mode  of  excitation  and  their  plane  geometry.  The  ur¬ 
gent  problem  for  the  air-bome  radars  is  also  size- 
incorporation  of  the  antenna  into  the  aircraft  cross- 
section.  The  radial  wavelines  correspond  in  most  ways 
to  these  geometry  requirements  with  the  connection 
links  under  the  given  law  in  radial  dimension,  which  in 
electrodynamic  sense  means  a  parallel  (ether,  space) 
feed  of  PAA  elements.  Such  a  design  concept  is  very 
technologic  and  also  compact.  Another  its  advantage  is 
a  small  longitudinal  size.  Its  drawback  is  the  construc¬ 
tive  complexity  of  the  directive  energy  coupling.  Nev¬ 
ertheless,  even  when  nondirective  coupling  is  realized, 
the  energetically  effective  microwave  circuits  of  power 
distribution  for  multi-element  PAAs  with  the  circular 
aperture  is  possible,  using  the  rigorous  account  of  elec¬ 
trodynamic  properties  of  distributive  microwave  sub¬ 
systems  on  the  radial  waveguide  basis.  The  strict 
electrodynamics  approach  allows  evaluating  such 
PAAs  with  their  interference  taken  into  account.  The 
effective  development  in  this  direction  is  the  experi¬ 
mental  model  of  PAA,  which  was  widely  investigated 
in  practice,  having  increased  electrical  durability  in  the 
transmitting  mode  due  to  a  non-conventional  feed  of 


the  radial  waveguide  from  its  circular  perimeter  by 
converging  radial  waves.  The  quite  large  number  of 
PAA’s  elements  {N  ^  10‘^..10'*),  the  quasi-regular 
(close  to  a  hexagonal  one)  and  dense  (d  -  0,7A )  char¬ 
acter  of  their  distribution  in  the  PAA  aperture  do  result 
in  an  appreciable  interference.  The  latter  is  the  basic 
reason  for  practically  insuperable  difficulties  of  direct 
experimental  operational  development  of  such  PAAs 
up  to  the  given  performance.  In  particular,  there  are 
some  developments  of  Russian  “Phazotron”  organiza- 


Fig.  1.  Phased  array  geometry:  a  -  the  aperture  ele¬ 
ments  distribution;  b  -  the  collector  array 
based  on  a  radial  waveguide. 
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Fig.  2.  Block-scheme 


tion,  such  as  “Zhuk-radar-MSFE”.  Here,  the  key  ways 
of  theoretical  overcoming  of  the  above  difficulties  are 
presented,  using  strict  and  approximation  approaches  to 
PAA  elements  interference  effects  both  in  its  internal 
and  external  paths.  At  the  same  time,  by  virtue  of  the 
specified  reasons,  the  electrodynamic  solution  of  the 
formulated  problem  is  a  very  difficult  one. 


2.  The  Decomposition  of  the  Problem 

Using  the  decomposition  technique  of  the  task,  there 
was  developed  a  complete  real  scattering  matrix  of  the 
given  PAA  sum-channel  as  regards  all  the  features  of 
its  microwave  circuit  (Fig.  2). 

r  <Tn 

S  = 

Tfi  >  S 

Here 

r  =  so+  <  Si,  •  (E  -  tSt  •  s')”^  •  tSt  •  Sj,  >  (2) 

is  the  reflection  factor  of  the  monopulse  PAA’s  sum 
channel; 

<  T„  =<  s„  •  (E  -  tSts')-i  •  t  •  (E  -  (3) 

is  the  transfer  factor  a  Eq  field  of  the  PAA’s  sum 
channel  in  its  aperture; 

s'  =  -S*  +  t(E  -  X 

(4) 

x(E  -  s '  tSt)-^  .  So  *  (E  -  SS*  r 

is  the  scattering  matrix  of  PAA’s  elements  in  its  aperture. 

The  problem  decomposition  of  the  given  PAA  al¬ 
lows  making  the  following  conclusions:  the  circuit 
essentially  is  not  matched  to  a  common  input  and  has 
non-zero  reflection  factor  (2);  it  is  theoretically  possi¬ 
ble  to  realize  the  given  APD  <  in  the  form  of 
factors,  proportional  to  it  of  transfer  coefficients  (3), 
controlled  by  the  expedient  choice,  of  probe  lengths; 
the  influence  of  the  “well  designed”  (conditionally 
matched)  PAA  elements  on  the  circuit  operation  is 
minimal  and  has  an  effect  only  for  separate  elements 
patterns. 


3.  The  Reduction  Problem 

The  feed  system  of  the  given  PAA  includes  a  collector 
array  in  the  radial  waveguide  form,  which  is  excited  at 
its  sum  channel  by  the  converging  (from  its  perimeter) 
cylindrical  TEM,  given  by  the  Hankel  function  of  the 
first  kind 


Eq  •  H^^\kor) 

H^o\k>R) 


(5) 


The  initial  field  (5)  excites  the  N  -\-l  collector 
probes  array  with  cylindrical  coordinates  ,  (pJ^  elec¬ 
tric  forces,  which  are  transferred  through  a  cascade  of 
three  multipole  circuits  with  transfer  matrixes  t,  t  and 
T  of  the  iV  +  1  rank  in  the  following  output  fields: 


<E„  =  ^0  <e„  -T.  (6) 


Here 


T»t-T-T  (7) 

is  the  “through”  square  transfer  matrix  of  the  N  +  1 
rank  for  the  field  (5)  in  the  PAA  aperture. 

As  a  matter  of  fact  the  T-matrix  in  (7)  is  a  quasi¬ 
diagonal  one,  i.e.  the  PAA’s  edge  effects  can  be  ne¬ 
glected  and  its  product  with  the  complex  vector  of 
normalized  element  patterns  may  quite  lawfully  be 
approximated  as  follows: 

Tf(0,  <p)  >=  {6,  <p)  >«  ue,  X 

,  (o) 

X  exp[—ikQ^^  sin^  •  cos((^  —  <^„)]  > 


where  foo(^)^)  is  an  element  pattern  within  of  an 

infinite  hexagonally  regular  PAA. 

Elements  distribution  the  PAA  circular  aperture  has 
60°-periodicity  and  coaxial-ring  character  in  azimuth 
and  radial  dimensions.  These  attributes  of  PAA  geo¬ 
metrical  symmetry  are  to  be  used  for  elements  order 
numeration  and  for  providing  a  convenient  mathe¬ 
matical  symmetry  to  numerical  calculation  of  non- 
normalized  PAA’s  patterns.  The  most  effective  is  the 
polar  (radial  and  circular)  numbering,  which  allows 
any  (from  0  up  to  iV  =  1656  )  n  -element  of  the  PAA 
is  placed  on  A: -ring  (A:  =  1;2;...23 )  and  in  re¬ 
position  of  an  azimuth  angle  (m  =  1;2;.,.6A:).  At 
those  positions 3A;(A:  —  —  and  their 

polar  coordinates  are  equal  to: 

=  Rj.  =  kR/ 23  —  kd 

(  k  \  7r(m  —  1)  (^) 

VP„^n™=arccos^-j  +  — 


The  chosen  law  of  radial-circular  numeration  (9) 
simplifies  the  calculation  of  the  transfer  matrix  in  (7), 
describing  phase  shifters,  which  assignment  is  double: 
the  compensation  of  cone-shaped  phase  distribution  of 
complex  waves  amplitudes,  leaving  the  collector  ar¬ 
ray,  (Fig.  1)  and  PAA  beam  forming  in  accor¬ 
dance  with  the  given  scanning  law. 
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The  polar  grid  of  PAA  elements  distribution  (8)  in 
full  takes  into  account  its  azimuth  (coaxial)  symmetry 
in  respect  to  z  -axis  (Fig.  1).  For  the  case  of  in-phase 
PAA  scanning  in  the  axial  direction  =  0,  there  is 
the  identity  of  6k  variables  in  each  k  -ring  and  in  all 
input-output  planes  of  the  multipole  circuits,  and  also 
in  block-circular  character  all  the  matrix  multiples 
in  (7),  uniformly  ordered  in  the  grid  (8),  including  the 
transfer  matrix  of  the  -h  1  rank  of  the  collector 
array  based  on  coaxial  probes  in  radial  waveguide 
(Fig.  l,a) 

t  =  =  [i3A(A-l)+Tn,3A'(A’-l)+m' ]  = 

=  [^h'h  ]  =  ]> 

where  the  indexes  k{k^)  are  numbers  of  horizontal 

(vertical)  matrix  blocks,  starting  from  the  0-th  (they 
are  just  numbers  to,,,  ^«o)  and  finishing  at  23-th  (by 
rectangular  matrixes  with  the  6k  x  6K  and  6K  x  6k 
sizes),  and  the  indexes  m(T77/)  correspond  to  column 
(row)  element  numbers  in  the  matrix  blocks  with 
numbers  A*  (A:'),  beginning  from  1  and  up  to  6k  {6k^) 

andm(m')  =  0  ,  \fk{k^)  =  0  . 

Relations  (6),  E,,  =  and  e„  = 

=  ^3ji(A+i)  ~  at  3k(^k  —  1)  "F  1  ^  ^  3k(^k  -1- 1) 

(i.e.  6A:  variables  in  each  k  -ring  are  equal  each  other 
in  all  input-output  multipole  planes)  are  carried  out 
simultaneously,  if  their  following  matrix  consequence 
of  much  lower  order  (K  +  1  N  +  1)  :  takes  place 

<  =  Eq  <  •  S  .  (11) 

Here 

H  =  G.T.g  =  (CA..fr]  (12) 

is  the  square  matrix  of  the  -F  1  rank,  formed  from 
the  square  t  -matrix  of  the  N  +  1  rank  by  rectangu¬ 
lar  matrixes  of  under-pressure  g  and  duplication  G 
[with  the  according  sizes  (AT  -h  1)  x  (/("  -F  1)  and 
(A" -f- 1)  X  (AT -h  1)  ].  The  first  one  is 
g  =  [^«;u(A+i)]  is  the  Croneker  symbol), 

which  is  everywhere  with  exceptions  of  “rare  units”, 
placed  on  crossings  of  3A:(fc  -F  l)-th  lines  and  A;-th 
columns  of  the  matrix.  The  second  matrix  is 
^  =  [^«-3A(A-l),A‘  +  ^H-3A(A~l),A-|-/ir  + 

+  ^i»-3A(A-l).A-|-2^r  +  -{- 

H“8H-3A(A-l).A  +4fr  +  8«-3A(A-l),A+r)A' ]> 

i.e.  It  has  6k  of  units  in  every  k  -th  line  in  columns 
with  numbers  3k{k  -  1)  +  1  <  n  <  3k(k  -h  1) . 

Due  to  inter-block  circularity  of  the  (10)  matrix, 
any  column  (row)  in  blocks  is  acquired  by  the  cyclic 
shift  of  the  neighbor  one.  The  formal  calculation  of 
the  reduced  matrix  elements  (12)  is  reduced  to  the 
following  sum: 


CA’ 

“  X]  ^3A(A-l)+1.3A’(A’-l)+»n'  »  (13) 

m’=l 


where  the  factors  are  . 

At  last,  the  (AT  -F  1) -dimensional  non  normalized 
radial  APD  (11)  considerably  reduces  calculations 
resources  thanks  to  essentially  smaller  dimension  [in 
{N  -F  1)/{K  -h  1)  =  1657/24  =  69.041666  times 
at  presence  of  the  central  element  and  in 
N/K  =  1656/23  =  72  times  at  its  absence]  in 
comparison  with  APD  (6).  It  allows  to  determine  and 
to  estimate  in  a  very  fast  way  a  number  of  important 
PAA’s  characteristics.  For  example,  the  vector  and 
non-normalized  pattern  of  the  in-phase  PAA  with 
partial  element  patterns  (8)  is  expressed  by  the  follow¬ 
ing  way: 

E{0,ip)^Eo\<E,\^G^tje,^)  >= 

=  •  l<  ^k  I  *  fki^i^)  >=  (14) 


1  + 


K 


El 


Here 


= 


61 

=  X)  sm9  ■  cos{<p  -  )]  «»  (15) 

m=l 

«  6fc  Jo  {k}Rk  sin^) 

is  the  non-normalized  multiplier  of  PAA’s  k  -ring, 
which  is  approximated  as  the  pattern  of  a  continuous 
ring  radiator  with  in  radius  equal  to  Aji. : 
i?;.  Jo(fco^A  sin0),  where  JoC-.)  is  Bessel  function 
of  the  zero  order. 


4.  Calculations  of  PAA’s  External 
Characteristics 

There  were  considered  various  APDs  of  PAA  and  was 
chosen  as  an  optimal  one  the  Taylor  distribution.  For 
the  AEF  estimation  there  was  adapted  the  general 
relation  for  any  coaxial-ring  PAA  with  the  radial  APD 
(11) 

AEF  = 


K 

Jl  =  l 

2 

3K{K  + 1) 

lEop+e-X 

I 

In  the  sense  of  the  compromise  between  AEF  and 
SLLs,  the  most  delicate  one  is  the  Taylor  distribution: 

a*  =  A  +  (l-A)-[l-(fc/ii:)'f,  (17) 

where  0  <  A  <  1  is  the  so-called  “distribution  ped¬ 
estal”.  For  the  case  of  the  PAA  with  the  central  ele¬ 
ment  the  relations  of  PAA’s  SLL  and  AEF  (16)  with 
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pedestal  levels  are  presented  in  figures  3  and  4,  corre¬ 
spondingly,  where  d/ \  =  0,6410256  and  if  =  23. 
It  can  be  seen  that  the  most  compromise  combination 
of  the  basic  PAA  parameters  ( AEF  =  87,5  % , 
SLL  =  28.51  dB  and  pattern  width  =  2.2)  is 
achieved  at  A^pt  =  0, 333 .... 


Fig.  3.  The  SLL  relation  with  t  various  pedestals  of 
the  Taylor  distribution 


Fig.  4.  The  PAA's  AEF  relation  with  Taylor  distri¬ 
bution  pedestals 


Fig.  5.  The  PAA  patterns  with  the  Taylor  APD 


Fig.  6.  Relation  of  PAA's  patterns  widths  with  ped¬ 
estal  levels 
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Abstract 

The  given  work  describes  an  antenna  system  of  a  continuous  wave  decimeter  ra¬ 
dar.  The  transmitting  and  receiving  antennae  are  cylindrical  spirals  with  the  oppo¬ 
sitely  directed  windings,  where  the  distance  between  the  axes  is  comparable  with  the 
wavelength.  The  main  antenna  parameters  have  been  experimentally  determined.  It  is 
shown  that  the  reception-transmission  channel  isolation  coefficient  is  75-80  dB  in  the 
frequency  band  ranging  +18  %  relative  to  the  central  value. 

Keywords:  spiral  antenna,  beam  width,  oppositely  sensed  circularly,  polarized 
antenna,  isolation 


1.  Introduction 

It  is  common  knowledge  [I]  that  the  continuous  wave 
radars  have  a  number  of  advantages  as  compared  to 
pulse  radars.  Thus,  if  operating  at  small  (meters  -  tens 
of  meters)  distances,  it  becomes  extremely  difficult  to 
realize  the  pulse-operating  mode,  especially  at  low  fre¬ 
quencies  (tens  of  megahertz  -  units  of  megahertz). 
Hence,  in  such  conditions,  the  continuous  wave  radar 
operating  mode  becomes  the  only  possible  one.  At  the 
same  time,  alongside  with  all  its  merits,  the  continuous 
wave  radars  are  far  from  being  devoid  of  essential 
drawbacks,  whose  removal  requires  tackling  the  com¬ 
plex  scientific-and-engineering  problems.  One  of  such 
problems  consists  in  a  "leakage”  of  transmitters  power 
onto  receiver's  input  directly  through  the  antenna  sys¬ 
tem,  which  constrains  fundamentally  the  possibilities  of 
the  radar  potential  increase.  "As  a  matter  of  fact,  the 
whole  history  of  continuous  wave  radar  development  is 
connected  with  persistent  efforts  to  develop  unconven¬ 
tional  methods  which  provide  necessary  receiver's  sen¬ 
sibility  as  a  compensation  for  the  effect  of  a  direct 
"leakage"  of  power  from  transmitter"  [1].  The  above 
said  is  still  urgent  today.  It  is  worth  noting  that  along¬ 
side  with  the  development  of  the  methods  of  compensa¬ 
tion  for  the  transmitter’s  power  "leakage"  onto 
receiver's  input,  it  is  a  search  for  the  ways  to  decrease 
the  level  of  this  power  using  the  optimal  design  of  a 
radar  receiving-transmitting  antenna  system  is  not  less 
important,  in  other  words,  a  search  for  the  ways  of 
solving  the  problem  of  electromagnetic  compatibility  of 
a  high-sensitive  receiver  with  an  inherent  radar  trans¬ 
mitter  by  using  electromagnetic  methods  under  the 
conditions  of  their  operation  at  one  and  the  same  carrier 
frequency  and  practically  in  one  and  the  same  fre¬ 
quency  band  with  the  observance  of  the  requirements  to 
minimize  antenna  system  sizes. 


It  is  well  known  that  this  is  not  an  easy  task  and  a 
lot  of  theoretical  and  experimental  works  [2]  are  de¬ 
voted  to  it. 

The  present  report  gives  the  results  of  development 
and  study  of  an  antenna  system  of  a  continuous  wave 
decimeter  radar  with  circular  polarization  (polarization 
plane  rotation  directions  “to  transmission”  and  “to  re¬ 
ception”  are  mutually  opposite)  that  could  provide  high 
isolation  coefficient  (not  less  than  60  dB)  between  re¬ 
ception  and  transmission  channels  in  a  10  %  frequency 
band  at  minimum  weight  and  overall  dimensions. 

2.  Statement  of  the  Problem  and 
Methods  of  Its  Solution 

Let  us  write  the  isolation  coefficient  (dB)  between  two 
antennae  using  the  ideal  radio  transmission  formulae: 

X  =  22.6  -f-  6  •  n  —  Gn  —  G21  T-  A , 

where  the  first  term  is  the  isolation  of  two  isotropic 
radiators,  the  spacing  between  which  equals  one 
wavelength;  G12,  G-ix  are  the  amplification  coeffi¬ 
cients  of  antennae  in  the  direction  towards  each  other; 
liyi  is  the  polarization  coefficient;  n  is  the  exponent 
when  spacing  between  antennae  is  written  as 
i?i2  =  2"  ;  A  is  the  “effective  area”  of  the  isotropic 
radiator.  Despite  the  fact  that  this  expression  is  valid 
only  for  the  far  zone  and  free  space,  it  allows  one  to 
assess  the  qualitative  effect  of  various  factors  upon 
the  isolation  value.  Thus,  for  example,  it  is  seen  that  a 
two-fold  increase  of  spacing  between  the  antennae 
results  in  increase  of  isolation  by  just  6  dB  and,  con¬ 
sequently,  it  is  not  an  effective  means  to  suppress  a 
“parasitic”  coupling  between  transmission  and  recep¬ 
tion  antennae.  Inefficiency  of  the  above  method  of 
enhancing  the  isolation  makes  itself  the  more  evident, 
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the  lower  is  the  operating  frequency  and  it  may  often 
become  unacceptable  already  in  the  decimeter  wave¬ 
length  range.  From  the  given  expression  it  follows 
that  reducing  the  polarization  coefficient  /j^2  to  zero 
enables  one  to  totally  decouple  the  antennae.  How¬ 
ever,  even  for  the  far  zone  this  opportunity  is  still  hy¬ 
pothetic,  since  it  is  practically  impossible  to  control 
the  field  polarization  structure  in  the  area  of  sidelobes, 
especially  of  the  far  ones,  which  are,  as  a  rule,  respon¬ 
sible  for  formation  of  coupling  channels  between  the 
transmission  and  reception  antennae  of  one  and  the 
same  system.  This  is  the  more  so  in  the  case,  when  it 
is  necessary  to  reduce  the  distance  between  antennae 
as  much  as  possible. 

Thus,  even  in  the  above-mentioned  ideal  case,  the 
most  effective  method  of  suppression  of  “parasitic” 
coupling  between  the  transmission  and  reception  an¬ 
tennae  incorporated  in  continuous  wave  radar  consists 
in  a  decrease  of  their  gainable  coefficients  in  the  di¬ 
rection  towards  each  other.  The  latter  is  equivalent  to 
decreasing  the  levels  of  sidelobes,  especially  of  the  far 
ones.  In  actual  practice,  when  it  is  not  possible  to  have 
the  antennae  spaced  apart  for  a  considerably  great 
distance,  in  the  sense  stated,  this  demand  means  the 
necessity  to  terminate  all  coupling  channels  between 
the  radar  antennae,  which  are  not  due  to  interaction  of 
the  sounding  radiation  with  a  search  target. 

As  a  rule,  the  known  methods  of  termination  or,  at 
least,  decrease  of  efficiency  of  the  “parasitic”  channels 
of  coupling  between  the  transmission  and  reception 
antennae  [2]  are  cumbersome  enough  and,  what  ap¬ 
pears  to  be  much  worse,  they  operate  in  a  relatively 
narrow  frequency  band.  At  the  same  time,  sometimes  it 
is  easier  to  eliminate  the  reason  than  to  fight  with  con¬ 
sequences.  As  can  be  easily  noticed,  the  main  reason  of 
appearance  of  these  channels  under  the  mentioned  con¬ 
ditions  is  a  mismatch  of  antennae  with  feeder  lines  and 
free  space.  This  is  just  the  fact  that  has  determined  the 
choice  of  the  method  of  solving  the  stated  problem  and 
directions  of  the  research.  The  results  of  the  above 
method  are  presented  in  the  given  report. 

A  laboratory  scale  model  of  the  antenna  system 
represented  two  cylindrical  regular  one  arm  spiral 
antennae  with  parallel  axes  and  mutually  opposite 
direction  of  windings.  A  fastener  assembly  allowed 
the  variation  of  distance  between  the  antennae’  axes  at 
their  orientation  preserved. 

The  spirals  were  made  of  a  copper  wire  1 .6  mm  in 
diameter  and  were  stuck  with  glue  on  a  polyvinyl  ace¬ 
tate  base  to  cylindrical  tubular  expanded  polystyrene 
frames  having  the  dielectric  constant  of  e  «  1.18  in 
such  a  way  that  the  coil’s  diameter  was  2a  =  86  mm 
and  the  increment  was  64  mm.  So  the  angle  of  wind¬ 
ing  of  each  spiral  was  equal  to  a  «  ±13.5° .  This 
provided  a  primary  excitement  of  the  fundamental 
(T+i  or  T_i  depending  on  the  sign  of  a )  wave  at  the 

central  frequency  940  MHz  ( A;a  «  0.85 ,  «;  =  27r  /  A , 
A  is  the  wavelength)  and,  consequently,  the  mode  of 
axial  radiation  at  the  frequency  overlapping  coeffi¬ 
cient  being  close  to  the  maximum  [3],  Each  spiral 


consisted  of  6  coils  and  had  a  square  counterbalance 
(counter  reflector)  with  the  side  250  mm.  The  dielec¬ 
tric  cylinders  serving  as  spiral’s  bases  were  fastened 
to  the  counterbalances  through  polystyrene  inserts 
(e  w  2.5)  with  metal  pins  8  mm  in  diameter.  They 
served  as  the  elements  of  antennae  fastening  to  a 
common  cross  bar,  equipped  with  a  shifting  device 
which  provided  variation  of  the  distance  between  the 
antennae  axes  at  their  orientation  and  counterbalance 
complanarity  preserved. 

So  much  attention  is  paid  to  the  description  of  the 
fastening  units  because  the  experiment  mainly  con¬ 
cerned  matching  of  the  antenna  with  the  coaxial 
feeder  path  having  the  wave  resistance  of  50  Ohm  at 
feeding  ’’from  below”,  i.e.  just  close  to  the  fastening 
elements.  The  slightest  mismatch  in  this  field  gives 
rise  to  parasitic  channels  of  coupling  between  anten¬ 
nae  and,  consequently,  restricts  their  isolation  value. 

In  contrast  to  the  matching  devices  being  conven¬ 
tional  for  this  range  [4],  there  has  been  used  a  matching 
transformer  in  the  form  of  an  irregular  “strip”  line  with 
the  purpose  to  minimize  a  possible  mismatching  in  the 
point  of  coupling  of  a  50  Ohm  coaxial  feeder  path  with 
the  spiral  antenna  having,  as  is  well  known  [3],  the 
input  resistance  of  140^150  Ohm.  One  current-carrying 
line  element  was  represented  by  the  antenna  counter¬ 
balance,  to  which  a  cable  loom  was  attached,  and  an¬ 
other  one  was  a  conductor  segment  that  served  as  an 
extension  of  the  first  spiral  coil.  So,  the  first  spiral  coil 
together  with  the  conductor  extending  from  the  cutoff 
point  to  the  spiral  represented  a  resistance  transformer 
with  the  constantly  varying  parameters.  The  angle  of 
winding  of  this  part  of  the  coil  was  smoothly  varying 
from  zero  (relative  to  the  counterbalance  plane)  to  the 
value  of  a  at  the  origin  of  the  first  coil. 

The  approximate  formula  [5]  is  valid  for  character¬ 
istic  impedance  of  this  irregular  line: 

Zq  «  (l38y'>/e)lg(4/i/d),  (Ohm). 

Here  d  is  the  conductor  diameter,  h  is  the  distance 
between  the  conductor  and  screen  (the  antenna  coun¬ 
terbalance). 

In  our  case,  when  e:  =  1 ,  the  gaps  between  the  con¬ 
ductor  and  screen  were  approximately  equal  0.5  mm  in 
the  point  of  coupling  with  the  feeder  and  approximately 
equal  4  mm  at  the  origin  of  the  first  coil. 

Such  a  resistance  transformer  does  not  involve  any 
resonance  elements  and  operates  in  the  relatively  wide 
frequency  band. 

3.  Results  OF  Experiments 

The  experimental  study  of  antennae  has  been  carried 
out  using  the  methods  based  on  the  techniques  which 
proved  themselves  to  be  effective  for  antenna  meas¬ 
urements  [6],  involving  determination  of  matching 
using  a  panoramic  standing-wave  coefficient  meter, 
radiation  pattern  measurement  by  the  method  of  two 
antennae,  polarization  characteristic  measurement 
using  an  auxiliary  linear  polarization  antenna  capable 
of  rotating  around  a  longitudinal  (horizontal)  axis. 
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Fig.  2. 


The  measurement  of  the  transmission-reception 
channel  isolation  coefficient  has  been  performed  us¬ 
ing  a  method  of  replacement  in  an  anechoic  chamber, 
equipped  by  a  “Bamboo”-type  absorber.  Here  the  lo¬ 
cation  and  orientation  of  the  studied  antenna  system 
were  chosen  such  as  to  provide  that  the  coefficient  of 
back  scattering  from  the  planes  confining  the  anechoic 
chamber  was  not  exceeding  (90^100)  dB. 

Fig.  1  shows  the  radiation  patterns  of  a  spiral  an¬ 
tenna  with  the  mentioned  above  parameters  *“  the  ex¬ 
perimentally  measured  at  the  frequency  /  =  940  MHz 
and  the  calculated  one  [3].  The  presented  radiation 
patterns  indicate  a  satisfactory  agreement  of  the  calcu¬ 
lated  results  with  the  experimental  ones. 

The  radiation  pattern  of  a  spiral  antenna  (a  “dumb- 
bells-shaped  curve”)  is  given  in  Fig.  2.  It  allows  one 
to  conclude  that  the  antenna  polarization  is  elliptical 
with  the  ellipticity  coefficient  r  >  0.75 . 

The  degree  of  matching  of  the  transmitting  and  re¬ 
ceiving  antennae  is  shown  in  Fig.3,  where  the  VSWR 
dependence  on  frequency  in  the  frequency  range 
50^1240  MHz  is  given.  The  presented  dependences 
show  good  matching  of  antennae  in  the  frequency 
range  (VSWTl  <1.2). 

The  imperfect  identity  of  the  given  dependences 
for  transmission  and  reception  channels  is  explained 
by  non-identity  of  the  resistance  transformers  by  the 
channels. 


a) 


b) 

Fig.3. 


Fig.  4. 


The  measurements  of  the  radiation  pattern,  polari¬ 
zation  characteristic  and  degree  of  matching  have 
been  carried  out  not  inside  the  antenna  system  but 
separately  by  the  channels.  Taking  into  account  rather 
high  isolation  between  channels  (see  below),  this  be¬ 
comes  quite  admissible. 

The  behavior  of  transmission-reception  channel  iso¬ 
lation  (TRCl)  in  the  frequency  band  800^1 150  MHz 
measured  by  the  method  of  replacement  is  given  in 
Fig.  4.  The  results  obtained  show  rather  high  realized 
isolation  between  channels  (75-^80)  dB  in  the  stated 
frequency  band. 
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The  availability  of  oscillations  of  the  VSWR  curve 
(Fig.  3)  at  1.05-J-Ll  level  is  explained  by  the  polariza¬ 
tion  vector  rotation  in  the  frequency  band  towards  the 
coupling  of  the  transmission  and  reception  antennae, 

i.e.  by  small  variations  in  the  polarization  coefficient 
/xi2  •  On  the  one  hand,  this  evidences  that  assumptions 
are  valid  as  to  the  random  character  of  the  polarization 
ellipse  orientation  not  only  in  the  field  of  sidelobes  in 
the  far  antenna  zone,  but  at  comparatively  small 
(-  1.7A  )  distances  and  as  to  incomplete  suppression 
of  the  “parasitic”  coupling  channels,  on  the  other 
hand,  this  allows  assessment  of  the  “efficiency”  of 
these  channels. 

4.  Conclusion 

Thus,  the  results  of  development  and  experimental 
study  of  the  decimeter  antenna  system  consisting  of 
two  orthogonally  polarized  spiral  antennas  testify  that 
one  of  the  most  important  factors  which  entail  appear¬ 
ance  of  parasitic  channels  of  coupling  between  anten¬ 
nae  is  a  mismatch  in  their  feeding  points. 

It  is  shown  that  the  use  of  the  simplest  irregular  mi¬ 
crowave  power  transmission  lines  together  with  or¬ 
thogonal  circular  polarized  transmission  and  reception 
channels  as  the  matching  devices  appears  to  be  rather 
effective  in  fighting  the  appearance  of  these  coupling 
channels  and  allows  one  to  obtain  high  values  of  the 
isolation  coefficient  in  the  given  frequency  band. 

In  the  considered  case  the  antenna  system  having 
the  distance  between  the  antenna  axes  of  --  1.7A  is 
characterized  by  the  following  parameters: 

•  X  >  (75  80)  dB  . 

•  VSWR  <1.2. 

•  Central  operating  frequency  value  /o  =  940  MHz. 


•  Operating  frequency  band  A/  =  (800  -r  1150)  MHz. 

•  Maximum  gains  (?Hjaxi,2  ^  d®- 

•  Sidelobe  Level  <  3  dB 

•  Ellipticity  coefficients  in  the  direction  of  the  main 
maxima  of  the  radiation  pattern  ri  2  >  0.75  . 

•  Orientation  of  large  axes  of  polarization  ellipses  of 
the  transmission  and  reception  antennae  to  the  di¬ 
rection  of  the  main  maxima  of  the  radiation  pat¬ 
tern  is  mutually  orthogonal. 

The  developed  antenna  system  can  be  used  in  low 

power  continuous  wave  radars  designed  for  location 

of  objects  having  rather  pronounced  depolarizing  ef¬ 
fect  in  the  operating  frequency  band. 
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Abstract 

The  accurate  solution  of  the  problem  of  scattered  field  in  a  phased  antenna  array 
made  of  semi-bounded  flat  wave-guides  at  in-phase  excitation  is  proposed.  The  Func¬ 
tional  Expansion  Method  over  Selected  Values  in  Hilbert  space  with  a  reproducing 
kernel  is  used.  Alternative  representations  for  amplitude  coefficients  in  the  analytical 
form  without  series  and  infinite  products  are  derived. 

Keywords:  phased  antenna  array,  Functional  Expansion  Method  on  Selected  Values. 


1.  Actuality  OF  Investigations 

There  are  a  lot  of  methods  for  calculation  of  phased 
antenna  arrays.  They  are  based  on  the  classical  theory 
[1,  2],  analytical  methods  [3-5],  numerical  and  ex¬ 
perimental  results  [6].  Analytical  methods  frequently 
are  approximate.  Numerical  methods  imply  time  ex¬ 
penses.  It  is  connected  with  computational  complexity 
and  an  increasing  accuracy  of  results.  The  accurate 
analytical  solution  must  be  convenient  for  the  numeri¬ 
cal  analysis.  The  investigations  and  development  of 
effective  analytical  methods  of  solving  boundary 
problems,  which  allow  obtaining  accurate  solutions, 
keep  being  topical  in  all  fields  of  science. 

2.  Statement  and  Geometry  of  the 
Problem 

The  problem  of  phased  antenna  array  formed  by  par¬ 
allel  endless  planes  semi-bounded  wave-guides  is 
considered.  The  wave-guide  planes  are  assumed  ex¬ 
tremely  thin  and  ideally  conducting,  a  is  the  distance 
between  them.  The  incident  field  in  every  of  wave¬ 
guides  has  the  same  amplitude  and  for  every  two  con¬ 
tiguous  of  them  is  phase  shifted  by  the  same  angle  (in- 
phase  excitation).  Let  6^  be  the  counted  out  from  the 
X  -axis  angle  of  inclination  of  the  antenna  RP  main 
lobe.  Then  a  phase  of  the  incident  field  in  the  m  -th 
waveguide  should  be  described  by  multiplier 
exp(imu),  where  u  =  ka  sin  0^^.  Suppose  that  the 
incident  field  in  wave-guide  area  consists  only  of  a 
main  wave  of  TEM  type.  For  each  wave-guide  the 
field  components  are  presented  as  follows: 


(1) 

1  B 

E  =  — _ — «/ 

^  iLjedz  ' 

(2) 

ue  dx 


(3) 


where  x  <  0  and  ma  <  2:  <  (m  -h  l)a . 

It  is  necessary  to  obtain  the  field  radiated  in  free 
space  and  reflected  to  wave-guides.  The  main  goal  of 
this  paper  is  to  obtain  analytically  expressions  for 
electromagnetic  field  amplitude  coefficients  by  Func¬ 
tional  Expansion  Method  over  Selected  Values. 


3.  Method  of  Solving  the  Problem 
AND  THE  Main  Theoretical 
Relations 

The  formulated  problem  is  solved  by  the  method  of 
partial  areas  with  the  use  of  the  Floquet  harmonics. 
The  method  is  applied  for  investigations  of  volumetric 
complex  structures,  which  are  decomposed  into  two 
or  more  simple  adjacent  areas.  For  each  of  them  it  is 
possible  to  get  a  solution  by  variable  division.  The 
first  step  consists  in  presenting  unknown  fields  for 
each  partial  area  in  the  form  of  expansion  into  eigen¬ 
functions.  In  the  rectangular  co-ordinate  system,  com¬ 
ponents  of  the  electromagnetic  field  constitute 
solutions  of  the  Helmholtz  equation  in  the  corre¬ 
sponding  area.  Building  the  periodical  solution  of  the 
Helmholtz  equation  satisfying  boundary  conditions  is 
the  matter  of  the  Floquet  theorem.  Orthonormal  func¬ 
tions  of  transverse  co-ordinates  form  the  system  of 
scalar  spatial  harmonics  (Floquet  modes).  On  their 
basis,  full  systems  of  vector  harmonics  are  built  [2]. 
The  explicit  representations  for  inter-orthogonal  func¬ 
tions  are  known.  Thus,  the  problem  is  reduced  to  ob¬ 
taining  amplitude  coefficients  to  eigenfunctions  for 
the  field  expansion  in  every  partial  area.  For  this  pur¬ 
pose,  it  is  necessary  to  satisfy  boundary  conditions  of 
the  field.  As  a  result,  one  can  obtain  an  infinite  system 
of  linear  algebraic  equations  (SLAE)  relatively  to 
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unknown  eigen  wave  amplitudes.  In  general  case,  it  is 
impossible  to  find  the  accurate  solution  of  this  infinite 
system.  Usually  it  is  confined  by  the  rough  solution 
obtained  with  the  help  of  methods  of  reduction  or 
sequential  approximations  [3].  But  in  particular  cases, 
it  is  possible  to  obtain  the  accurate  solution  either 
with  the  functional-theoretical  method  (a  method  of 
residues  [1],  a  modified  method  of  residues  [1,4])  or 
with  the  Wiener-Hopf  method  [1,  5],  In  the  method  of 
residues,  an  integral  over  a  special  analytical  function 
is  introduced,  and  then  residues  of  the  sub-integral 
function  are  associated  with  unknown  coefficients. 

There  is  a  class  of  boundary  problems,  for  which 
infinite  SLAE  yields  the  accurate  solution.  Functional 
Expansion  Method  over  Selected  Values  allows  ex¬ 
panding  it.  This  method  is  based  on  the  following 
statements  [7]. 

Let  A  be  some  class  of  functions  defined  on  a  T 
set.  Function  f  e  A  can  be  expanded  into  a  series 
over  sSelected  values  at  points  €  T  ,  if  there  exists 
a  set  of  sSelected  functions  such  that: 

[1,  ^  = 

l)  e  A ,  2)  ^  . 


wherema  <  2  <  (m  +  l)a ,  ap  =  (2p7r  +  u)/a. 

Sip  =  (ap  -  k^)  =  [{mr/af  -  . 

To  define  unknown  coefficients,  rewrite  (6),  (7)  as 
follows 


/-^p==-oo  P  ’ 

.»  X — 'Oo  _sm  II  \  TITT 

tk  +  Y]  „w„(4re  )«o»  — (Z-ma)  = 

Z— “0  "  ^  a 


3) for  each  function f  £  A,  a  series 
/(s)  =  converges  uniformly  for 

i 

s  €  T ,  There  is  the  following  theorem  [8]. 

Let  H  be  abstract  Hilbert  space  with  a  reproduc¬ 
ing  kernel  K{s^t)  defined  on  the  T  -set.  Let 
ti  e  T  be  a  complete  orthonormal  sys¬ 
tem  in  H .  If  there  exist  nonzero  real  constants  Ci 
such  that 

=  CiK{s,ti),  I  K{t,t)  |<  Cj  <  00,  i  €  r ,  (4) 

then  expansion  by  complete  orthonormal  system  for 
every  /  €  A,  where 

fi^)  =  (5) 

is  a  series  over  sSelected  values. 

The  fundamental  research  of  the  problem  of  expan¬ 
sion  over  sSelected  values  have  been  carried  out  by 
K.  Shannon  and  V.  A:  Kotel'nikov. 

4.  The  Problem  Solution 

From  the  continuity  condition  for  tangent  field  com¬ 
ponents  on  a  surface  of  the  area  a:  =  0 ,  the  following 
system  of  hmctional  equations  holds 

«“  +  E". 47  ««[=(" --»«)]= 

ifce'"'"  +  cos[^(z  -  mfl)  = 

=  E” ' 


=  y^"  (-a, B, w 

-^p=-0O  P  P 

ma  <  z  <  ( m  -h  1 )  fl 

Let  us  introduce  designation:  f  =  z  -  ma  .  Then 
from  the  given  equations  there  follows  a  relation  for 
amplitudes  of  eigenwaves  in  different  wave-guides: 

A?‘  =(-!)"  (10) 

where  n  ==  0,  1,  2,  m  =  0,  ±1,  ±2,... .  It  is 

easy  to  show  that  with  m  =  0  formulas  (8),  (9)  can 
be  given  as: 

oc  00 

n=0  ^  p=— 00 

r)7r 

ik  -h  ^ 

.  f; 

p=-C» 

0  <  z  <  a. 

Thus,  the  problem  is  reduced  to  consideration  of 
one  period  m  =  0.  From  (11),  (12)  one  can  obtain 
the  system  of  algebraic  equations  with  respect  to  un¬ 
known  coefficients  {Ai}*  For  let  us  multiply 

both  parts  by  and  integrate  the  result  with  re¬ 

spect  to  z  ,  z  €  (0,  a) .  This  yields 


E(-i)"A? 


Ji  -  fi? 


.^n.o  l-e-"‘ 

E(-i)"A%,>  - 


^  =  0,  ±1,  ±2,... 

where  o^o  =  —ik  .  Further,  equation  (13)  is  multiplied 
by  andadded  with  (14),  what  gives 

E(-ir  ^  . 
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«=0  H"  CJq  —Clq 


*2on,  (16) 


^  =  0,  ±1,  ±2,.... 


From  the  problem  statement  it  follows  that  {4®} 
are  independent  of  q.  Thus,  from  subsystem  (15)  for 
q  =  0  one  can  obtain 


0  ^  1  -  e 

,1=0  *  Wq  +  fto 


Let’s  search  unknown  amplitude  coefficients  {4®} 
in  the  following  form 

_  /io\ 

^  a(a;„  -f  no)(l  “  cosTrn)  ’ 


where  A  is  some  constant,  which  is  independent  of 
n  .  Substituting  (18)  in  (17),  obtain 

_  ti(e"*"  -  l)sinw 
a(a;o  + 

Thus,  from  subsystem  (15)  unknown  amplitudes 
{4?}  have  been  obtained  in  the  form 


^0  ^ _ (c  -  l)e,,usmu _ 

ci^{uJo  +  H"  ^())(1  fi”*”  cosTrn)  * 

e„  is  the  Neumann  number.  It  should  be  noted  that 
representation  (19)  transforms  (15)  into  identity  [8, 
5.139,  p.  350].  After  this,  the  coefficient  is  de¬ 
fined  from  (16)  and  (19).  For  this  purpose,  it  is  neces¬ 
sary  to  define  sum  of  series  in  (16).  Application  of 
reproducing  summing  operator  yields 


2iaQg  ctJo  —  n. 


,(7  =  0,  ±1,  ±2,... .(20) 


5.  Results  and  Discussions 

Thus,  the  accurate  solution  of  the  problem  of  the 
field  in  a  phased  antenna  array  made  of  semi- 
bounded  flat  wave-guides  at  in-phase  excitation  is 
obtained.  The  formulated  problem  is  solved  with  the 
use  of  the  linking  method  with  application  of  Flo- 
quet  harmonics  in  co-operation  with  the  Functional 
Expansion  Method  over  Selected  Values  in  Hilbert 
space  with  reproducing  kernel.  The  latter  one  allows 
deriving  alternative  representations  for  unknown 
amplitude  coefficients  in  explicit  form  in  terms  of 
more  elementary  functions.  The  considered  problem 
was  solved  in  [1]  by  method  of  residues.  Amplitude 
coefficients  have  the  following  form 


n  —  1  9  q  n\\ 


B,  =  .9  =  0,  ±1,  ±2,...  (22) 


where  f{w)  is  the  analytical  function: 

./  V  l-e""'  [(w  +  wn)a,  „1  2 

/W  =  — ; - exp  i - 2Z_in2  - ; —  x 

W  +  UJq  [  TT  Jl  —  t«/cU0 

(l+_y0  -  w/Qg) 

Apparently,  there  are  infinite  products  in  equations  for 
amplitude  coefficients  (21),  (22),  Therefore,  it  is  pos¬ 
sible  to  obtain  only  approximate  results  for  4?  and 
Bfj,  The  comparison  of  expressions  (19),  (20)  and 

(21),  (22)  yields  the  following  formula  for  infinite 
products 


R«s/(a;„)  = 


a(a;„  +  Oq  )  o>{^o  +  )  * 


/(“«,)  = 


^0  “• 


The  obtained  solutions  are  accurate.  It  is  applicable 
for  the  numerical  analysis  of  waveguides  of  different 
sizes.  Since  the  different  types  of  series  occur  when 
solving  similar  wave-guide  problems,  for  radiation 
from  the  flanged  parallel  plate  waveguide  [10],  the 
investigations  in  this  scientific  direction  are  very  per¬ 
spective. 
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Abstract 

The  millimeter-wave  planar  antenna  of  present  concern  is  distinguished  for  the  de¬ 
velopment  of  a  two-dimensional  radiometric  image  by  the  combined  scanning  through  a 
not  ordinary  mechanical  scanning  in  one  plane  and  frequency  scanning  in  the  other. 

Keywords:  diffraction  grating,  planar  dielectric  waveguide,  dispersion,  parabolic  horn 
taper,  dielectric  lens. 


1.  The  Electromagnetic  Circuit  OF 
THE  Scanning  Antenna 

For  the  purpose  of  a  radiometric  visualization  of  tv^o- 
dimensional  objects,  a  single-channel  radiometer  does 
make  the  beam  scanning  in  two  orthogonal  directions. 
An  alternative  approach  is  by  using  a  multichannel 
radiometer  equipped  with  an  antenna  which  electro- 
mechanically  scans  in  one  plane,  and  has  pronounced 
dispersion  properties  in  the  orthogonal  plane,  Fig.  1. 
A  multifrequency  radiometer  incorporated  with  such 
antenna  provides  a  parallel-sequential  scanning  of  a 
two-dimensional  area. 

The  antenna  of  present  concern  is  intended  for  the 
scanning  of  a  2.5m  high,  1 .3m  wide,  and  5m  distant 
area.  The  operating  frequency  band  is  86  to  lOOGHz. 
The  aperture  diameter  is  280mm.  The  in-space  resolu¬ 
tion  power  is  enhanced  with  a  beam-focusing  lens. 

The  electromechanically  scanning  antenna  (Fig.  1) 
consists  of  a  planar  dielectric  waveguide  1  accommo- 


Fig.  1.  The  electrodynamic  circuit  of  the  scanning 
antenna 
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dated  in  the  yOz  plane  and  the  reflection  diffraction 
grating  2  on  a  metal  disk.  The  grating  is  set  parallel  to 
the  planar  dielectric  waveguide  some  distance  apart. 
In  reception  mode,  the  grating  converts  the  volume 
waves  from  the  object  into  the  surface  waves  propa¬ 
gating  through  the  dielectric  waveguide.  Afterwards 
in  a  planar  parabolic  horn  taper,  the  eigenwave  set  of 
the  planar  dielectric  waveguide  is  transformed  to  a 
broadband  signal  passing  down  a  hollow  metal 
waveguide  to  the  radiometer  input. 

The  coordinate  system  employed  in  Fig.  1  is  related 
to  the  planar  dielectric  waveguide  position.  The  grating 
generating  lines  are  oriented  at  arbitrary  angle  a  to  the 
direction  of  the  surface  wave  propagation  in  the  planar 
dielectric  waveguide.  In  general,  the  electromagnetic 
circuit,  as  shown,  can  receive  as  many  as  n  rays,  in 
keeping  with  a  chosen  number  of  the  grating  diffraction 
harmonics.  But  for  the  considered  antenna  class  [1],  it 
is  sufficient  to  take  the  first  space  harmonic  which  sat¬ 
isfies  the  reception  condition.  The  direction  of  the 
space  wave  reception  is  given  by  the  angles  ©„  and 
.  These  follow  from  the  relationships  wherein  0,^  is 
the  angle  which  the  xOz  -  projection  of  wave  vector 
K  of  the  reception  field  makes  with  the  Oz  axis; 

is  the  angle  between  wave  vector  K  of  the  particular 
reception  harmonic  and  its  xOz  ~  projection 

ItL+Wi)£22J, 

sinv?„  =  -(ra/x)sina, 

where  n  =  2,...  is  the  number  of  the  grating 

diffraction  harmonic,  x  =  t  is  the  grating 

period,  A  is  the  wavelength,  U  is  the  wave  decelera¬ 
tion  factor  in  the  planar  dielectric  waveguide. 

The  scanning  in  the  xOy  plane  is  performed  by 
turning  the  grating-carrying  disk  2  round  its  axis 
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Fig.  2.  The  chosen  sector  of  the  antenna  mechanical 
scanning  in  the  xOy  plane. 


Fig.  3.  The  obtained  angular  sector  of  the  frequency 
scanning  in  the  xOz  plane 

through  angle  a .  The  corresponding  a-dependencies 
of  the  scanning  angle  are  presented  in  Fig.  2.  At 

the  100  GHz  frequency,  the  grating  turn  through 
±10.25°  makes  the  scanning  within  ±14°.  In  general, 
the  mechanical  turn  of  the  disk  in  the  antenna-type 
provides  the  scanning  sector  as  wide  as  ±60°.  In  the 
present  design,  the  scanning  frequency  is  1  Gz,  the 
scanning  sector  is  ±14°. 

The  parallel  scanning  in  the  xOz  plane  is  per¬ 
formed  with  a  16  -  channel  14  ~  GHz  radiometer.  The 
dispersion  characteristics  of  the  antenna  are  viewed  in 
Fig.  3  as  a  beam  position  in  the  xOz  plane  depending 
on  the  signal  frequency.  A  signal  band  of  14  GHz 
provides  a  scanning  sector  of  14.6°.  In  order  to  do 
away  with  a  slight  nonlinearity  of  this  characteristic, 
the  radiometer  passbands  should  be  better  matched. 
Also  an  optimum  antenna  positioning  relative  to  the 
scanning  area  helps  it. 

2.  The  Antenna  Design 

A  view  of  the  in-plane  scanning  antenna  is  in  Fig.  4. 
Planar  dielectric  waveguide  1  represents  a  rectangular 
shaped  Teflon  plate  measuring  320  x  320  x  2.25  mm^ 
On  the  three  sides,  the  waveguide  is  locked  on  the  in- 


b) 

Fig.  4.  A  view  of  the  in-plane  scanning  antenna  of 
the  multichannel  radiometer 


side  of  the  antenna  aluminum  metalwork  7.  The  fourth 
side  is  attached  to  the  horn  taper  of  excitation  unit  3  of 
the  planar  waveguide.  Excitation  unit  3  is  the  parabolic 
horn  taper  from  the  hollow  metal  waveguide  of  stan¬ 
dard  2.4  X  1 .2  mm^  cross  section  to  the  overdimen¬ 
sional  hollow  metal  waveguide  of  280.0  x  3.0  mm^ 
cross  section.  It  serves  the  function  of  effective  excita¬ 
tion  of  planar  dielectric  waveguide  1  and  develops  a 
proper  field  distribution  in  the  antenna  aperture  in  the 
xOy  plane. 

The  diameter  of  grating  carrying  disk  2  is  280  mm. 
This  value  comes  from  a  desired  size  of  the  5  m  distant 
field  spot  after  being  focused  with  the  aid  of  dielectric 
lens  4.  The  grating  carrying  disk,  the  disk  turning  shaft, 
the  shaft  bearing,  and  the  antenna  drive  make  up  scan¬ 
ning  unit  5  mounted  on  a  T-shaped  frame  and  locked  to 
antenna  metalwork  7  at  three  points.  The  mounting  is 
such  as  to  provide  the  adjustment  of  the  diffraction 
grating  plane  with  dielectric  waveguide  1  in  both 
planes  toward  getting  a  desired  field  distribution  in  the 
xOz  plane.  The  scanner  T-frame  carries  also  the  an¬ 
tenna  electrical  components:  step  motor /^LlJH-200-1-1, 
step-motor  damping  resistors,  the  board  with  magnetic 
hermetic  contact  detectors  of  grating  2  position,  adapt¬ 
ing  panel  toward  antenna  electrical  circuits.  The  an¬ 
tenna  drive  is  a  reducing  step  motor  between  the  step 
motor  and  the  grating  disk  shaft.  The  antenna  beams 
are  spatially  related  to  the  observation  plane  by  means 
of  unmatched  laser  pointers  6  placed  on  the  antenna 
facial  surface. 
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3.  The  Antenna  Parameters 

•  The  operating  frequency  band  at  the  1  dB  level 
covers  14.0  GHz  from  86.0  to  100.0  GHz. 

•  In  the  14  GHz  band,  the  observation  field  is  kept 
to  be  a  rectangular  area  2.5  m  high,  1.28  m  wide, 
and  5.0  m  distant. 

•  The  resolution  power  depends  on  the  aperture  di¬ 
ameter,  operating  frequency,  and  scanning  angle. 
The  monochromatic  -  signal  best  resolution  (at  the 
observation  field  center)  is  70  x  70  mm^.  Toward 
the  observation  field  ends  the  resolution  power 
goes  down  to  100  x  100  mm^.  The  antenna  resolu¬ 
tion  is  susceptible  both  to  the  lens  astigmatism  for 
off-axis  rays  and  the  difference  between  the  focal 
distance  and  the  off-axis  ray  distance. 

•  Due  to  angle  -  frequency  sensitivity,  the  scanning 
antenna  develops  an  actual  multibeam  radiation 
pattern  in  the  xOz  plane.  The  reception  unit 
specifies  the  number  of  the  beams  that  the  antenna 
forms,  and  it  is  32. 


•  For  the  operating  frequency  band  and  observation 
angle  sector,  the  active  loss  because  of  the  energy 
absorption  in  antenna  components  does  not  exceed 
1.4  dB,  including  0.8  dB  in  the  planar  parabolic 
horn  taper  and  0.6  dB  in  the  dielectric  waveguide. 

•  The  antenna  provides  linear  polarization  of  the 
reception  radiation. 

•  Over  the  operating  frequency  band,  the  VSWR  is 
as  good  as  1.25. 

Compared  to  the  mirror  antenna,  the  planar  design  is 
an  unusual  and  compact  one.  The  testing  of  the  scan¬ 
ning  antenna,  as  part  of  an  experimental  radiometrical 
set,  does  encourage  its  multi-purpose  applications. 

References 

1.  A.  P.  Yevdokimov  and  V.  V.  Kryzhanovsky,  A 
new  direction  in  antenna  array  technology,  Izv. 
VUZov.  Radioelektronika,  1996,  Vol.  39,  No.  9  ~ 
10,  pp.  54-61  (in  Russian). 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  309 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp.  310-31 1 


METHOD  OF  ELIMINATING  INTERFERENCE 
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Abstract 

A  simple  method  of  excitation  of  the  base  station  antenna  array  eliminating  interfer¬ 
ence  noughts  of  the  radiation  pattern  in  vertical  plane  has  been  proposed.  Characteris¬ 
tics  of  the  panel  antenna  containing  collinear  dipoles  have  been  theoretically  studied. 

Keywords:  radio  communication  base  station  antenna;  collinear  dipoles;  directive  gain. 


1.  Introduction 

For  basic  stations  with  a  big  coverage  area  it  is  reason¬ 
able  to  use  a  linear  vertically  oriented  dipole  array  with 
a  high  gain  and  with  the  main  beam  orientated  to  the 
area  boundary.  The  increase  of  the  gain  is  achieved  by 
increasing  the  vertical  size  of  the  antenna  and  the  num¬ 
ber  of  dipoles,  however  at  the  same  time  the  width  of 
the  main  beam  of  the  radiation  pattern  in  vertical  plane 
is  reduced  and  the  number  of  interference  noughts  in¬ 
creases,  that  causes  the  appearance  of  zones  of  weak 
reception.  The  noughts,  nearest  to  the  main  beam, 
which  correspond  to  remote  receiving  points  are  espe¬ 
cially  detrimental  to  the  quality  of  reception. 

The  known  method  of  eliminating  interference  noughts 
means  excitation  of  dipoles  with  small  out-phasing,  how¬ 
ever  this  method  for  multielement  arrays  doesn’t  let  to 
eliminate  all  noughts  and  causes  close  tolerances  to  reali¬ 
zation  of  transmission  lines  phasing  sections. 

2.  Description  of  the  Method 

Let’s  take  the  linear  antenna  array  of  N  identical 
radiators  ( N  is  odd).  We  accept  that  the  radiators  are 
excited  with  equal  amplitudes  and  phases  (or  with 
linear  phase  shift),  that,  evidently,  gives  the  maximum 
directive  gain  of  an  array,  provided  the  mutual  cou¬ 
pling  can  be  neglected.  We  suppose  the  input  currents 
in  all  radiators  are  equal  to  units.  The  corresponding 
radiation  pattern  in  vertical  plane  is  marked  as  Fq{6)  , 

We  change  the  central  radiator  input  current  mak¬ 
ing  it  equal  to 

Ic  =  1  ±  ja  ,  (1) 

where  a  is  a  real  number.  Then  radiation  pattern  be¬ 
comes  equal  to 

F{e)  =  F^{e)±jaf{0),  (2) 


and  its  module 

\F{e)\  =  ,IWo)TWw,  (3) 
where  f{6)  is  the  radiation  pattern  of  the  central  ra¬ 
diator,  which  we  consider  near-omnidirectional  and 
having  no  noughts  in  the  coverage  area. 

It’s  obvious  that  new  noughts  don’t  appear  in  the 
pattern  (3)  and  in  directions  there  is  no  former 
noughts  for  which  Fo(0,„)  =  0,  value  (3)  equals  to 
H^vi)  =  ocf{0m) '  The  relative  value  of  the  radiation 
pattern  in  former  noughts  directions,  nearest  to  the 
main  beam,  will  be 

im.)i/ii=:unxNa/Ar. 

We  take  into  account  here  that  ^  Nf , 

Evidently,  the  parameter  a  defines  the  depth  of 
minimums  in  the  array  radiation  pattern. 

Thus,  in  the  suggested  method  all  interference 
noughts  are  eliminated  due  to  the  change  of  excitation 
of  only  one  radiator.  According  to  (1),  at  the  input  of 
the  central  radiator  the  current  module  should  be  mul¬ 
tiplied  by  yjl  -h  and  the  current  phase  should  be 
increased  by  Aip  =  -arctga,  where  the  parameter 
Q  should  be  taken  from  the  ratio,  where  S  is  the  pre¬ 
determined  minimal  radiation  pattern  level  near  the 
main  beam.  The  reduction  of  the  array  directive  gain 
can  be  evaluated  by  the  formula 

G I G[)  =  (1  -h  5^) /(I  H-  N6^).  (4) 

While  deducing  (4),  we  suggested  that  mutual  cou¬ 
pling  could  be  neglected. 

The  panel  antenna  containing  the  array  of  collinear 
dipoles  {N  =  7)  with  a  period  of  =  0.75A  is  con¬ 
sidered  as  an  example  (Fig.  1).  The  dipoles  are  placed  at 
a  distance  of  0.308A  from  the  flat  screen,  marked  by  the 
dashed  line  in  the  figure.  The  dipole’s  length  is  0.44A . 


0-7803-7881-4/03/$!  7.00  ©2003  IEEE. 


Method  of  Eliminating  Interference  Noughts  of  Radiation  Pattern  of  Base  Station  Antenna  Array 


Fig.  1.  The  scheme  of  the  antenna- feeder  device 

Taking  the  value  6  =  0.14  (-17  dB)  we  get 
a  =  1 ;  |/^  I  =  V2  ;  A<^  =  ±45° .  Such  excitation  is 
achieved  by  the  feeder  (Fig.l)  obtained  from  the  stan¬ 
dard  feeder,  usually  used  for  the  8-element  array  in 
which  we  inserted  the  microwave  adder  1  and  the 
transmission  line  section  2.  This  allows  to  excite  the 
central  dipole  by  the  amplitude,  which  exceeds  ampli¬ 
tudes  of  the  rest  dipoles  by  >/2 .  The  necessary  phase 
shift  45°  is  received  due  to  the  proper  choice  of  the 
section  length  2 . 

The  six-pole  of  the  ring  structure  [2]  is  used  as  a 
microwave  adder  1.  So,  taking  into  account  the  fact 
that  the  additional  phase  shift  made  by  the  adder  is 
equal  to  180°  we  get  the  section  2  having  the  electri¬ 
cal  length  5  /  8A  . 

The  theoretical  analysis  was  made  with  the  help  of 
MMANA  program,  which  realizes  the  well-known 
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Fig.  2,  Radiation  pattern  in  vertical  plane 

algorithm  of  the  electrodynamic  analysis  of  thin  wires 
using  of  piecewise  -  sinusoidal  basis  fimctions.  Fig.  2 
gives  the  vertical  plane  radiation  pattern  of  the  array 
for:  1  -  excitation  by  equal  amplitudes  and  phases  of 
dipoles;  2  -  excitation,  suggested  here.  In  the  second 
case  the  width  of  the  main  beam  of  the  radiation  pat¬ 
tern  in  vertical  plane  is  9°,  in  horizontal  plane  -  100°. 
VSWR  at  the  antenna  input  doesn’t  exceed  1.5  and 
the  antenna  gain  reduction  is  0.5  dB. 

3.  Conclusion 

The  suggested  method  of  eliminating  interference 
noughts  doesn’t  require  complex  preliminary  calcula¬ 
tions.  It  is  simple  to  realize,  not  sensitive  to  the  device 
parameter  disturbance  and  to  frequency  variation. 
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Abstract 

A  wide  range  of  diffraction  wave  problem  by  semi-infinite  equidistant  succession 
of  identical  obstacles  with  axial  symmetry  has  been  considered.  The  numerical- 
^alytical  method  for  this  problem  solution  has  been  suggested.  It  is  based  on  the 
idea  of  the  partial  inversion  of  diffraction  problem  operator  by  the  extraction  of  the 
simple  part  of  the  semi-infinite  sequence  of  obstacles  for  which  the  scattering  opera¬ 
tor  is  known.  The  desired  total  operator  is  then  constructed  using  specific  symmetry 
of  the  semi-infinite  structure  on  the  basis  of  the  above  mentioned  operator  allowing 
one  to  take  into  account  the  wave  interaction  by  the  obstacle  components. 

Keywords:  circumferential  slot,  circular  waveguide,  periodical  structure,  semi- 
infinite  periodical. 


L  Introduction 

During  the  last  years  one  can  observe  in  many 
branches  of  modem  radiophysics  (from  traditional 
microwave  and  super  high  frequencies  to  the  optical 
band)  the  growing  interest  to  the  devices  based  on 
periodical  and  «quasi-periodical»  discontinuities.  This 
interest  can  be  explained  by  the  non-trivial  properties 
of  such  systems.  Based  on  these  structures,  the 
waveguide  systems  are  used  for  the  fabrication  of 
different  types  of  leaky-wave  slot  antennas  for  tele¬ 
communication,  industrial  purposes,  etc.  Using  spe¬ 
cial  properties  by  proper  control  of  the  period  and 
duty-cycle  it  is  possible  to  realize  a  wide  range  of 
novel  components. 

It  is  evident,  that  all  physical  phenomena  in  peri¬ 
odical  structures  in  different  frequency  bands  satisfy 
to  the  common  principles.  In  a  whole,  the  properties 
of  periodical,  semi-infinite  periodical  and  «quasi- 
periodicab)  structures  can  be  characterized  with  the 

help  of  scattering  operator  R  (in  the  case  of  multi¬ 
wave  propagation)  and  with  the  help  of  scattering 
coefficient  (in  the  case  of  single-wave  propagation). 
This  method  was  suggested  by  L.N.  Lytvinenko  [I]. 
Below,  one  can  find  the  development  and  realization 
of  this  idea  as  applied  to  the  circular  waveguide  with 
semi-infinite  and  limited  periodical  sequence  of 
circumferential  slots. 

2.  Theory 

Let  us  investigate  the  interaction  process  between  one 
of  the  Eqj,  -modes  in  circular  waveguide  with  semi¬ 
infinite  periodical  sequence  of  circumferential  slots. 
There  is  no  doubt  that  the  scattered  fields  in  this  prob- 
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lem  have  continuous  spatial  spectrum  but  it  is  possible 
to  construct  approximate  solution  by  use  the  matrix 
operator  rather  then  the  integral  operator.  For  simplic¬ 
ity  let  us  suppose  a  negligible  quantity  of  the  slot’s 
interference,  which  is  caused  by  the  slot’s  radiation 
into  free  space.  In  such  an  approximation  radiated 
from  any  slot  fields  don’t  change  complex  magnitudes 
of  waves  in  the  space  with  the  other  slots.  The  error  of 
such  an  approximation  will  be  negligible  in  the  case 
of  narrow  slots  and  large  period  of  the  slot’s  dis¬ 
placement  comparing  with  the  wavelength. 

Following  the  mentioned  method  let  us  formulate  the 
boundary  problem  for  the  key-structure  (single  circumfer¬ 
ential  slot).  Assume  that  one  of  the  wave 

(p  =  1,2...)  propagates  towards  a  single  slot.  Let  d  be 
the  width  of  slot,  2a  be  the  diameter  of  the  waveguide  in 
cylindrical  co-ordinate  system.  Let  us  suppose  that  the 
ratio  between  frequency  and  diameter  allow  to  propagate 
everyone  from  m  -waves  (l<m<p,  n  <7n, 

m  =  1,2 );  =  ka,  is  the  n  -th 

root  of  Bessel’s  lunction  Jo{x) . 

The  solution  of  this  boundary  problem  can  be 
found  using  the  Fourier’s  transformation.  The  single 
nonzero  component  of  magnetic  field  can  be 

represented  in  the  form: 

It  rj(0Wr/a)x 


xexp{if3z / a)dl3]  r  <  a, 

xexp{i^z / a)d/3\  r  >  a. 


(1) 
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The  function’s  presentation  in  the  form  (1)  satisfies 
to  the  Helmholtz’s  equation  and  provides  the  continu¬ 
ity  of  electric  field  in  the  whole  space.  It  is  possible  to 
obtain  the  system  of  pair  integral  equations  under 
conditions  that  the  tangential  component  of  the  total 
electric  field  is  equal  to  zero  on  the  waveguides  sur¬ 
face;  the  electric  current  on  slots  is  absent  and  if  one 
takes  into  account  the  Wronskian  determinant  for  the 
Bessel’s  functions  as: 

)(a;)  -  Ji{x)Hi^\x)  =  2 /mi .  (2) 

These  systems  can  be  written  as: 

f  — exp{i/3z  /  a)d/3  = 

tTrCL^ 

=  --Z — Ji{(in)exp(il3z / a),  lz\  <  d/2 

oc 

J*  X„{/3)exp{ipz / a)d0  =  0,  \z\>d/2  (4) 


where  X„i0)  =  F„iP)h%ih)H^^\h) .  One  can  de¬ 
rive  that  unknown  functions  Xj^{f3)  are  equal  to  Fou¬ 
rier’s  transformation  from  the  tangential  components 
of  electric  field  on  the  slot  (with  range  of  accu¬ 
racy  to  constant  factor): 

oc 

E,\p^a  =  J  X„  {l3)exp(iPz  /  a)d0 . 

—  OC 

The  systems  of  equations  (3),  (4)  allow  one  to  find 
the  solution  of  the  boundary  problem  with  arbitrary 
parameters  of  structure.  The  most  interesting  case  for 
practical  applications  is  the  case  of  narrow  slots.  The 
solution  for  this  case  can  be  obtained  with  the  use  of 
the  method  of  moments  [2]. 

It  is  well  known  that  electric  field  has  root  singular¬ 
ity  at  the  edge  of  slots  so  it  is  appropriate  to  choose  the 
Chebyshev’s  polynomials  of  the  first  kind  with  weight  as 

basic  functions  (z)  1 1  -  ( Izjd  j  .  Introducing  the 

parameter  of  so  called  narrowness  of  slots  ^  =  dj2a , 
transform  equations  (3)-(4)  using  t  —  2zjd : 


exp(z7?Ct)d/?  + 


+-^-^i(AiK)exp(j/3„Ci)  =  0,  |t|  <  1;  (5) 

oc 

f  X„(/3)exp(i/3(t)d/3  =  0,  |f|  >  1. 


In  such  a  way,  the  function  E^  can  be  presented  as: 


00 

/(<)  =  E,(t)  =  41  X„(/3)expmtW  = 
a  ^ 

-00 

1  (6) 
0;  \t\  >  1. 

As  far  as  the  unknown  function  is  the  Fou¬ 

rier  transformation  from  Ez{t)  =  f{t)  and  as  it  is 
well  known  [3]  the  Fourier  transformation  from  Che¬ 
byshev’s  polynomials  can  be  represented  as  the  series 
of  Bessel’s  ftmctions  and  its  derivatives  up  to  N  or¬ 
der,  the  unknown  function  Xji{P)  can  be  represented 
as  series  of  Bessel’s  functions  with  unknown  coeffi¬ 
cients  as: 


XniP)  = 


2-k  JjVT 


i=exp(il3Ct)dt  = 


3  N 


Taking  into  account  the  linear  independence  of  the 
basic  functions  on  interval  [-1,1]  one  can  obtain  the 
system  of  linear  algebraic  equations  of  the  first  kind: 


rMPQJM) 

2  ^0  ' 


=  0;  (m  =  0,1,...A^). 

The  “defined  field”  approximation  can  be  used  in 
the  case  of  narrow  slots,  so  one  can  take  into  account 
only  finite  quantity  of  .  It  is  caused  that  the  “de¬ 
fined  field”  approximation  provides  correct  field’s 
characteristics  in  far  zone  (including  scattering  matri¬ 
ces)  up  to  the  second  approximation  of  the  narrowness 
of  slots  parameter  [3,4],  This  phenomenon  is  con¬ 
nected  with  stationary  dependence  of  the  far  zone 
characteristics  of  field  distribution  on  slot. 

Defined  functions  J^„(/?)  allow  one  to  determine 
the  surface  current  density: 


j,  =  A  exp(z/?„z/a)-h- 


'exp{iPz  /  a)dp\y 


2m, .  f  X„(I3) 


where  A  =  6'^Ji(/i„)/47r^„  is  the  magnitude  cur¬ 
rent  density  of  E^p  wave.  Using  the  well  known 

methods  of  integration  in  the  complex  plane  it  is  pos¬ 
sible  to  define  as: 

m 

j,  =  A  exp{i/3„z/a)  +  Y^R„j,exp(-i(3j,z/a) 

2:  <<  -d/2, 
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Fig.  1, 


Fig.  2. 


exp(z/?„2:/a),  z»d/2,{\\) 

v=\ 


where  the  notations  are  used: 


T  =:  S  -L  X  ifi  \ 


n,p  <m  (12) 


6,iy  is  Kronecker’s  function.  The  R„j,  and  T„p  define 

matrix  operators  of  reflection  and  propagation  “by 
current”  correspondently. 


3.  Simulation.  Experiment.  Discussion 

Thus,  the  solution  of  the  key-problem  has  been  de¬ 
scribed  in  the  previous  section.  Following  the  method 

[1]  one  can  find  the  total  reflection  operator  R  of  the 
semi-infinite  structure  from  the  operator  equation  of 
the  second  kind: 

=  f  -f  f  [/  -  ipRipr^  ^  (pR(pt  ,  (13) 

where  f  is  defined  by  R,,^,  and  t  is  defined  by  r„^, ; 
if  is  operator,  which  defines  faze-shift  between 
neighboring  slots.  This  equation  can  be  solved  by 
different  methods,  but  Newton’s  method  is  the  most 
preferable,  especial,  if  the  initial  approximation  is  far 
from  root  or  if  function  has  irregular  regions. 

The  functional  dependence  \Rii  \  upon  L/X  is  rep¬ 
resented  at  Fig.l.  One  can  observe  quasi-periodical 
character  of  this  curve. 


The  solution  for  semi-infinite  structure  is  key- 
problem  for  analysis  of  bounded  periodical  sequence 
structures.  It  is  possible  to  obtain  the  partial  reflection 
and  transmission  operator  (coefficients)  of  s  -th  slot 
(discontinuities)  as: 


1  -  ’ 


(14) 


f,  +  (15) 

Using  the  circuit  theory  there  is  no  any  problem  to 
obtain  the  summary  operators  (coefficients)  for 
bounded  periodical  structures.  This  procedure  was 
realized  for  the  bounded  sequence,  which  includes  10 
circumferential  slots.  The  results  of  simulation  for  this 
case  can  be  found  in  Fig.  2  (straight  line).  It  is  evident 
that  characteristic  is  quasi-periodical.  The  period  is 
connected  with  L/X  parameter  and  it  is  approxi¬ 
mately  equal  to  0,5. 

The  series  of  experiments  were  carried  out  with 
aim  to  confirm  the  main  concept  of  these  investiga¬ 
tions.  This  concept  lies  in  idea  that  integral  reflection 
operator  may  substitute  for  matrix  reflection  operator 
under  some  condition.  The  main  requirement  is  ab¬ 
sence  mutual  influence  of  slots.  This  requirement  can 
be  realized  by  two  ways:  it  is  necessary  to  have  nar¬ 
row  slots  and  the  distance  between  neighboring  slots 
must  be  more  than  wavelength. 

In  Fig,2  dash  curve  reflects  the  experimental  data.  It 
is  obvious  that  the  theoretical  and  experimental  central 
frequencies  of  stop-band  and  pass-band  are  in  good 
agreement.  Moreover,  the  form  of  curves  is  very  simi¬ 
lar.  One  can  detect  the  difference  in  magnitudes  but  it 
can  be  explained  by  errors  of  experimental  model 
manufacturing  and  errors  of  the  experimental  method. 

Thus,  the  undertaken  experiments  show  the  possi¬ 
bility  of  transformation  integral  scattering  operator 
into  matrix  scattering  operator  under  certain  condi¬ 
tions.  The  results  of  these  investigations  can  be  used 
in  antenna  technique  and  in  the  design  of  new  types  of 
functional  elements  in  SHF  techniques. 
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Abstract 

All  known  radio  engineering  systems,  including  of  flight  vehicles  (FV)  landing 
systems,  (for  example,  airplanes,  lowered  space  vehicles  etc,)  have  one  essential  de¬ 
fect:  in  order  to  implements  FV  tracking  the  antenna  systems  (AS)  should  mechani¬ 
cally  change  the  own  azimuth  and  elevation,  and  radiation  pattern  (RP)  should  move 
in  space  with  large  speed  reaching  40  Hz.  It  is  known,  that  any  mechanical  movement 
is  connected  both  with  the  power  expanses,  and  with  operational  expanses. 

Evidently  solution  of  a  problem  is:  FV  tracking  by  means  of  phased  antenna  ar¬ 
rays  (PAA)  meet  the  troubles  caused  their  very  high  cost.  In  present  article  it  is  of¬ 
fered  to  combine  rather  low  cost  of  mechanical  moving  antennas  with  fast  non¬ 
mechanical  steering  of  RP  by  development  of  switching  hemispherical  PAA  (HPAA) 
which  characteristics  are  identical  to  the  characteristics  of  antenna  with  mechanical 
steering  of  RP. 


1.  Introduction 

The  proposed  antenna  array  is  made  of  the  ring  an¬ 
tenna  arrays  with  variable  radius  both  in  azimuth  and 
in  elevation.  We  shall  consider  the  principle  of  the 
operation  of  the  offered  antenna  on  an  example  of 
one-ring  switching  antenna  array  (OSAA). 

The  proposed  variant  of  the  ring  antenna  array  (RAA) 
concerns  to  the  commutative  class  of  ones.  Distinctive 
feature  of  RAA  is  that  the  commutative  (discrete)  phase 
shifters  (PS)  are  not  used  in  it.  The  necessary  phase  ratios 
are  provided  by  fixed  PS’s,  which  sequentially  connected 
to  the  group  of  antenna  elements  (AE)  by  means  of  elec¬ 
tronic  commutator,  thus  forming  required  RP  in  defined 
direction.  If  it  is  required  to  find  only  one  angular  coordi¬ 
nate,  for  example  azimuthal  one,  the  offered  variant  of 
RAA  can  consist  of  one  ring  [1].  If  it  is  required  to  in¬ 
crease  an  amplification  factor,  RAA  can  consist  of  two 
and  more  rings.  If  it  is  required  to  determine  both  angular 
coordinates,  the  offered  variant  of  RAA  should  have  two 
co-perpendicular  ring  arrays,  which  place  on  a  spherical 
surface,  as  it  was  proposed  in  [2].  In  difference  Irom  RAA 
offered  in  [3],  in  which  for  the  circle  scanning  the  expen¬ 
sive  Battler  matrix  is  used,  in  offered  RAA  the  set  of  ^ed 
PS  representing  set  of  simple  and  cheap  microstrip  delay 
lines  is  used.  Rather  close  prototype  offered  RAA  is  the 
circle  antenna  array  [4],  However  in  it  the  principle  of 
feeding  in  pairs  of  opposite  AE  and  controlled  PS  that  has 
high  price  used.  Ring  antennas  offered  in  [5]  and  [6]  have 
also  the  similar  disadvantages.  Therefore,  t^ing  into  ac¬ 
count  advantages  and  disadvantages  of  already  developed 
ring  (commutative  and  analogue)  antenna  arrays,  the  fol¬ 
lowing  variant  of  RAA  is  offered. 


2.  Formulation  of  the  Problem 

In  order  to  bearing  FV,  the  width  of  a  main  lobe  of  RP 
on  a  level  minus  3  dB  should  be: 

-  If  scanning  is  carried  out  only  in  horizontal  plane: 


0a<I3ac 

=  ^AB 


(1) 


-  If  scanning  is  carried  out  only  in  vertical  plane: 
Pa  -  Pae 


(2) 


where  ,  (Saz  are  the  specific  angular  sectors  on 
azimuth  and  elevation  defined  by  the  requirements  to 
accuracy  of  coordinates  calculation,  sae  the  width 
of  RP  of  antenna  element. 

As  the  expressions  (1)  and  (2)  correspond  to  fan¬ 
shaped  RP,  for  their  implementation  is  not  necessarily 
to  excite  antenna  elements  (AE)  on  all  hemispherical 
surface  of  HPAA,  but  it  is  enough  to  excite  two  or¬ 
thogonal  ring  AA(RAA)  (Fig.  1). 

The  radius  of  RAA  can  be  calculated  from  conditions: 


•  Required  accuracy  of  positioning  of  a  main  lobe  RP; 

•  Required  accuracy  of  a  bearing  determination. 

If  to  limit  by  known  ways  of  scanning  by  means  of 
controlled  PS,  then  for  overlap,  for  example,  sectors 
Pc'>^^c  —  X  20°  are  necessary  to  have  not  less 
Uf.  X  1200  phase  discrete  (can  be  recurring),  and  also 
the  same  number  of  AE  and  PS,  where  is  the 
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number  of  rings  AE.  Therefore  to  estimate  %  pa¬ 
rameter  it  is  expedient  to  evaluate  the  selectivity  in 
space  of  RAA,  which  has  not  the  controlled  PS.  An 
evaluation  of  selectivity  of  developed  RAA  we  shall 
make  on  one-ring  AA  as  an  example.  Consideration 
other  RAA  will  differ  only  by  frequency  band  and 
accordingly  by  radius. 

It  is  known,  tfiat  RP  formed  by  OSAA  with  a  main  lobe 
direction  0  =  can  be  expressed  as  [5]: 


m^)  = 


Nai, 


«=1 


I„exp[  —  j/vo(sin0o  x 


(5) 


xcos((^o  -<Pu)-  Sin0cos{(p  -  y?o))], 


where  is  AE  number;  is  the  RP  of  sepa¬ 

rate  w-th  AE;  I„  is  a  current  amplitude  of  /7-th  AE; 
a  =  rj  is  a  ring  radius. 

If  AE  are  identical  =  const(r)],  isotropic 

=  1),  and  are  excited  by  currents  with  iden¬ 
tical  amplitudes  (I„  =1),  the  RP  of  OSAA  is  ex¬ 
pressed  as: 


m^)  = 


NaE  E 


(6) 


where 


_ _ a(sin  9  cos  —  sin  6q  cos  <po) 

^  —  arcos  — , 

P 

If  the  number  of  is  rather  great  ( Nj^g  >  10 ), 
and  diameter  of  a  ring  2a  not  so  large,  then  RP  of 
OSAA  is  well  described  by  the  first  member  of  the 
sum  from  (6),  i.e. 


F(0,y?)  ^  Jo(A://).  (7) 


To  improve  accuracy  it  is  possible  to  take  into  ac¬ 
count  the  correction  members 


^  +  AF,  (8) 

where 

^  2JAr,,.(Mcos[(7r/2-x)iV,«Bl, 

AF  = 

j2Vu  (Mcos[(7r/2  - 


Width  of  RP  in  a  horizontal  plane  depends  a  little  on 
angles  and  </?o,  and,  with  increasing  Nj^g^  the 


more  poorly  this  dependence  appears.  However  in  ver¬ 
tical  plane  the  width  of  RP  6^  varies  significantly: 

F(0,(/?  =  0)  =  Jo  [A:a(sin^  -  sin^o)] .  (10) 

From  expressions  (5-9)  follows,  that  the  OSAA  se¬ 
lectivity  is  worse  than  selectivity  of  a  linear  AA 
(LAA),  which  has  the  same  overall  dimensions. 

These  caused  by  the  following  reasons: 

•  appearance  of  square-Iaw(quadratic)  phase  distri¬ 
bution  on  LLA  aperture,  being  an  equivalent  to 
sector  AA,  i.e.  part  of  a  ring  RAA; 

•  increasing  of  side  lobes  level  and  decreasing  of 
amplification  because  of  various  orientation  of 
main  lobes  of  AE,  which  are  forming  OSAA; 

•  non-equidistant  allocation  of  AE  projections  cve^ 
the  LAA  aperture,  resulting  to  increasing  the  den¬ 
sity  of  these  projections  on  the  ends  of  the  LAA 
that  is  equivalent  to  appearance  of  amplitudes  dis¬ 
tribution  (AD),  increasing  on  edges  of  the  aper¬ 
ture. 

•  All  listed  above  results  to  RP  extension  (0^)  and 
to  growth  of  side  radiation  (Fs)  of  OSAA  in  com¬ 
parison  with  LAA. 

To  improve  OSAA  selectivity  in  a  horizontal  plane 
it  is  proposed: 

•  in  order  to  decrease  the  side  radiation  caused  by 
non-parallelisms  of  main  lobes  of  AE,  which 
forms  OSAA,  we  propose  to  realize  the  AE  as  an¬ 
tenna  units  (AU),  consisting  of  two  antenna  radia¬ 
tors  (AR),  which  are  remote  from  each  other  on 
distance  dg  .  On  input  of  one  AR  is  attached  fixed 
phase  shifter  ensuring  FD  over  the  AU  aperture, 
which  provides  the  turn  of  AU  main  lobe  to  6^ 
angle,  thus  ensure  a  parallelism  of  directions; 

•  the  quadratic-law  phase  distribution  is  eliminate 
through  the  connection  of  /-th  AU  output  to  phase 
shifter  with  the  fixed  phase  (Oi); 

•  to  decrease  influence  of  non-equidistant  AU  allocation 
over  LLA  aperture,  the  so-called  RP  digital  steering  is 
implemented;  this  approach  is  similar  to  [6]  and  pre¬ 
sume  to  install  the  low-noise  amplifiers  (LNA),  which 
have  regulated,  but  fixed  amplification. 

The  offered  OSAA  allows  one  to  improve  the  RAA 
selectivity  in  comparison  with  known  ones. 

It  is  known  that  in  air  motion  control  (AMC)  ser¬ 
vice  the  plenty  of  radio  electronic  systems  is  used.  In 
particular,  it  is  possible  to  use  OSAA,  in  which  one  of 
HPAA  rings  is  used  as  elevation  radio  beacon  (ERB). 
At  the  same  time,  if  the  radius  of  sphere  is  calculated, 
then  the  calculation  of  geometrical  parameters  OSAA 
for  ERB  is  reduced  to  calculation  only  of  moving  ele¬ 
vation  sector  ,  within  of  which  RP  with  specific 
width  of  a  main  Iobe(on  a  level  of  minus  3  dB  )is 
formed.  Analytically  factor  of  RP  OSAA,  composed 
from  AE  (for  example,  as  vibrators  with  improved 
selectivity),  is  written  as: 
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Fig.  3. 

Fc  =  a,  Fi, ■  exp{- jkdki  sine)  (11) 

t=0 

where:  a-i  is  the  weight  coefficients  of  amplitude  dis¬ 
tribution  on  LAA. 

1 

Fii  =  X)exp(-j>trf£9|(sm0  -  sin^j)])  = 

q=Q  .  ■ 

=  1  +  exp(— |(sin^  —  sin^i)|)  =  (12) 

=  cos(O,5Kd^(sin0  —  sin^^)); 

d^i  =  R{l-cosPi)  -  distance  between  AU  phase 
centers  on  LAA  aperture;  p.i  is  the  angle  from  radius- 
vector  of  1-st  AU  up  to  radius-vector  of  /-th  AU;  is 
the  distance  between  phase  centers  of  AR,  formed  AU: 
ds  =  -f  0,1A  ;  tB  is  the  length  of  the  radiator  (for 
example,  vibrator)  in  a  plane  of  a  circle;  the  value  0,1  A 
undertakes  from  a  condition  of  weakening  of  mutual 
influence  AI  and  geometrical  placement  of  AI  within  the 
antenna  unit;  6i  is  the  angle,  on  which  it  is  necessary  to 
turn  a  main  maxima  of  RP  AU  i  {Oi  =  /Jj  —  90° ),  to 
ensure  parallelism  of  their  directions. 

For  numerical  assessments  the  ratio  (11)  and  fol¬ 
lowing  parameters  (Fig.  1)  was  taken: 

105  —  in  a  horizontal  plane, 

6  —  in  a  vertical  plane, 

/  =  5  GHz  (A  =  60  mm);  ^,5  =  0,48 A ;  d^  =  0,58A  ; 
d^  are  depends  on  R  and,  are  determined  in  RP  cal¬ 
culation  process. 

The  executed  calculations  have  shown,  that: 

1 .  RP  in  horizontal  and  vertical  planes  is  symmetric 
relative  to  it's  main  maxima. 

2.  Width  of  RP  main  lobe  lies  in  bounds: 

•  In  a  horizontal  plane:  v’a  <  1“; 

•  In  a  vertical  plane:  6^  <  20° . 


3.  The  maximum  level  of  aside  lobes  has  the  value: 

•  In  a  horizontal  plane: 

at  uniform  amplitude  distribution:  F/  <  -11  dB; 
at  digital  (optimal)  method  of  amplitude  distribution 
steering:  <-17,63  dB;  the  optimal  amplitude 

distribution  given  to  one  from  possible  functions: 

Ai=  20  l-(l-<)(y52-l)^j, 

where  t  is  the  value  of  ‘pedestal’  on  the  edge  of  OSAA. 

•  In  a  vertical  plane: 

at  uniform  amplitude  distribution  F/  <  -12  dB; 
at  digital  (optimal)  method  of  amplitude  distribution 
steering:  F^opt  <  “*35,6  dB;  the  optimal  amplitude 

distribution  is  prescribe  with  the  following  coeffi¬ 
cients:  Ai^q  =  1 ;  ^2,5  =  7 ;  ^3^4  =  14,5 . 

RP  OSAA  for  ERB  is  described  in  a  vertical  plane 
by  the  same  expression  (11)  and  is  similarly  to  RP 
OSAA  ARB  in  a  horizontal  plane.  In  a  vertical  plane 
because  of  uses  one  ring  SAA,  it  RP  coincides  with 
RP  of  a  single  AE. 

3.  Conclusion 

The  speed  of  action  offered  RAA  does  not  concede 
modem  phased  AA,  but  its  cost  is  significantly 
cheaper.  If  to  use  multi-entry  AE,  the  creation  two- 
beam  RP  is  possible,  which  main  maximum  are  bi¬ 
ased  on  a  half  of  RP  width  (on  a  half  power  level).  It 
indicates  possibility  of  implementation  of  a  mono¬ 
pulse  amplitude  direction-finding  (Fig.  2),  as  it  is  of¬ 
fered  in  [7,  8],  and  the  possibility  of  creation  of  nulls 
in  interference  direction,  as  is  offered  in  [9]  (Fig.  3). 
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Abstract 

The  technical  solution  of  the  design  of  a  linear  Dolph-Chebyshev  antenna  grid  of 
the  speaking-trumpet  radiators  is  proposed.  This  proposition  is  based  on  the  applica¬ 
tion  of  special  waveguide  non-absorbing  power  elements  used  for  installation  of 
Dolph-Chebyshev  amplitude  distribution  in  the  grid  speaking-trumpets. 


The  receiving-transmitting  antennas  with  narrow  di¬ 
rection  diagram  (DD)  on  azimuth  and  relatively  wide  DD 
on  location  angle  are  widely  used  in  radiolocation  and 
other  radiotechnical  systems.  For  example,  linear  antenna 
grid  which  looks  like  horizontal  line  of  pyramidal  speak¬ 
ing-trumpet  radiators  could  be  used  as  such  antenna. 

The  development  of  a  technical  solution  to  decreas¬ 
ing  the  side  radiation  level  on  horizontal  surface  for 
such  grid  is  the  objective  of  our  research. 

The  linear  grid  looks  like  horizontal  line  composed  of 
N  radiating  elements  of  pyramidal  shape,  which  operate 
on  gap.  Antenna  operates  in  X  -  band  onA  =  0.032  m 
wavelength.  The  size  of  grid  aperture  is  equal  to 
A  =  1.0725  m  (width)  and  Cp  =  0.1143  m  (length). 
The  size  of  speaking-trumpet  radiating  element  aperture  is 
equal  to  bp  =  0.0268  m  (width)  and  ap  =  0.1143  m 
(length).  The  grid  consists  of  ^  =  40  elements. 

The  grid  is  installed  in  the  aperture  of  large  E  -  sectors 
speaking-trumpet  of  relatively  short  length  B  =  0.5  m. 
This  speaking-trumpet  is  required  for  optical  supply  of 
grid  elements.  At  such  relatively  short  length  of  large  E  - 
sector  speaking-trumpet  phase  distortions  of  a  field  on 
aperture  edges  are  inevitable.  However,  such  distortions 
are  not  hazardous  and  do  not  have  any  significant  mean¬ 
ing,  because  they  can  be  easily  compensated  by  the  selec¬ 
tion  of  appropriate  parameters  of  rectangular  waveguide  of 
each  speaking-trumpet  radiating  elements. 

Because  of  that,  we  can  apply  E  -  sector  speaking- 
trumpet,  which  length  is  significantly  smaller  than  the 
horizontal  size  of  the  grid  aperture.  Large  E  -  sector  speak¬ 
ing-trumpet  is  supplied  by  mutual  rectangular  waveguide. 
In  addition,  polarization  of  radio  waves  is  horizontal. 

Our  calculations  show  that  such  sin-phase  grid  with 
almost  uniform  amplitude  distribution  on  its  length  has 
quite  poor  direction  performance.  Even  though  DD  on 
azimuth  of  1 ,6®  of  this  grid  is  relatively  narrow,  such  result 
is  obtained  at  the  expense  of  unacceptably  high  level  of 
side  radiation  of  - 16  dB.  Grid  DD  in  vertical  surface  has 
20°  width  and  appropriate  level  of  side  radiation  of  - 
24  dB,  which  is  quite  satisfying. 


Our  calculations  demonstrate  the  need  in  development 
of  new  technical  solution  on  decreasing  of  side  radiation 
level  of  linear  grid  on  horizontal  surface.  One  of  the  ideas 
on  such  development  is  discussed  below. 

The  idea  is  based  on  the  application  of  well-known 
Dolph-Chebyshev  amplitude  distribution  [1,2],  used  in 
sin-phase  vibrator  linear  antenna  grid.  Currents  in  vibra¬ 
tors  are  set  based  on  that  distribution,  so  the  required  low 
level  of  side  radiation  is  obtained  with  their  help.  How¬ 
ever,  it  is  difficult  to  apply  directly  this  well-known  solu¬ 
tion  to  the  considered  linear  speaking-trumpet  grid.  The 
explanations  of  those  difficulties  are  provided  below. 
Radiating  elements  of  linear  grid  do  not  have  any  de¬ 
vices  for  weakening  of  currents  (fields)  amplitude  in 
them.  Additional  introduction  of  fields  weakening  de¬ 
vices  could  lead  to  big  loss  in  transmitter  power;  there¬ 
fore,  it  is  not  expedient  to  use  those  devices  based  on 
design  and  energy  reasons. 

The  goal  is  to  obtain  low  level  of  side  radiation  on 
horizontal  surface  in  the  considered  linear  grid  by  install¬ 
ing  Dolph-Chebyshev  amplitude  distribution  in  its  radi¬ 
ating  elements.  We  need  to  develop  special  devices,  which 
will  pass  to  radiating  grid  elements  only  part  of  energy 
falling  on  them  without  absorbing  the  heat  of  residual 
energy  in  those  devices.  Therefore,  we  need  the  devices, 
which  change  the  general  load  of  waveguide-feeder  device 
without  energy  absorption. 

The  design  of  the  device  for  passing  to  radiating 
grid  elements  only  part  of  energy  falling  on  it  is  pre¬ 
sented  below. 

The  simplified  design  of  proposed  radiating  grid 
element  is  presented  on  Fig,  1 . 

Radiating  grid  element  is  pyramidal  of  bp  aper¬ 
ture  size  (width)  and  ap  (length).  This  speaking- 
trumpet  is  supplied  by  rectangular  wave-guide.  Po¬ 
larization  of  radio  waves  is  horizontal. 

Signal  amplitude  changing  device  in  radiating  grid 
element  is  mobile  section  of  waveguide.  This  device 
can  rotate  along  vertical  axis  of  the  grid  radiator.  Ba¬ 
sic  section  of  this  device  is  designed  as  rectangular 
waveguide  part.  That  section  is  bounded  on  its  edges 
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Fig.  1.  Draft  of  the  element  of  the  antenna  array. 
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Fig.  3.  Patterns  of  the  antenna  arrays. 

with  two  section  of  round  waveguide  of  d  diameter. 
The  bound  is  implemented  through  regular  waveguide 
transitions  from  rectangular  waveguide  to  round  one. 

In  the  end  of  the  rectangular  waveguide  of  speaking- 
trumpet  grid  element,  a  part  of  circular  waveguide  (the 
transition  from  rectangular  waveguide  to  circular  one  is 
used  again)  is  also  installed.  Circular  waveguides  are 
needed  for  a  connection  of  the  immobile  element  part  with 
mobile  one. 

The  connection  between  the  mobile  and  the  im¬ 
mobile  parts  of  the  element  can  be  either  contact  or 
contact-less.  We  should  note  that  the  mobile  section 
of  waveguide  should  be  rotated  only  if  it  is  needed  for 
antenna  tuning  during  its  manufacturing;  after  that,  it 
can  be  soldered  (welded)  to  the  immobile  section. 

If  the  mobile  section  of  rectangular  waveguide  is  not 
tilted  to  the  vertical  axis,  then  waveguide  will  pass  all  en¬ 
ergy  to  radiating  element.  If  waveguide  is  tilted  on  90°, 
then  it  will  not  pass  any  energy.  If  we  choose  pitch  to  a,n 
vertical  axis,  then  we  can  change  field  amplitude  on  aper¬ 
ture  of  radiating  grid  element  in  long  interval  starting  from 
zero  to  maximal  possible  value. 

We  propose  to  set  pitch  angles  of  mobile 
waveguide  sections  to  vertical  axis  in  a  way  that  field  am¬ 
plitude  on  apertures  of  radiating  grid  elements  are  distrib¬ 
uted  according  to  Dolph  -  Chebyshev  distribution  law. 


So  we  need  to  set  pitch  angles  in  compliance 
to  the  formula: 

^ '  V  JWTWTi  ^  ’ 

where  bp  is  the  horizontal  aperture  size  of  radiating  grid 
element;  m  is  the  number  of  radiating  grid  elements  (we 
define  numbers  by  counting  from  aperture  center  to  the 
right  and  left;  overall  number  of  grid  elements  is  equal  to 
2M);  B  is  the  length  of  large;  E  is  the  sector  spe^ing- 
trumpet  of  grid  radiation;  is  the  normed  coefficient  of 
Dolph  -  Chebyshev  distribution  [1,2]. 

Simplified  design  of  proposed  linear  speaking-trumpet 
grid  with  low  level  of  side  radiation  on  horizontal  surface 
is  presented  on  Fig,  2.  We  install  additional  mobile 
waveguide  sections,  which  angles  of  pitch  to  vertical  axis 
are  defined  by  the  formula  given  above,  in  the  proposed 
grid  between  radiating  element  and  large  E  -  sector  speak¬ 
ing-trumpet  of  grid  radiation. 

DD  on  horizontal  surface  of  proposed  linear  speak¬ 
ing-trumpet  grid  is  defined  approximately  by  the  fol¬ 
lowing  formula 

_  l  +  cos/3gm((7r6p/A)sin^) 

2  (ir6p/A)sin/3 


COS |(7r6p y^A) ( m  -  0, 5 ) sin /?  J, 

in  which  all  of  acronyms  are  explained  above. 

Example  of  calculations  for  DD  of  proposed  linear 
grid  on  horizontal  surface  is  presented  on  Fig.  3. 

Calculations  are  made  for  the  linear  grid  containing  40 
radiating  elements  (M  =  20)  on  wavelength 
A  =  0.032  m,  and  the  grid  size  is  given  above.  The  same 
figure  also  shows  DD  of  a  similar  grid  which  has  a  uni¬ 
form  amplitude  distribution,  for  the  comparison  purposes. 

Fig.  3  shows  that  the  side  radiation  level  of  the  pro¬ 
posed  linear  grid  on  horizontal  surface  E  does  not  exceed 
-40  dB.  It  is  a  much  better  parameter  than  the  parameter 
of  the  grid  with  a  uniform  amplitude  distribution.  The  DD 
width  of  the  proposed  grid  on  a  horizontal  surface  is  equal 
to  2°,  which  is  slightly  wider  than  for  analog  grid,  but  it  is 
a  trade-off  for  the  low  level  of  side  radiation. 

A  similar  antenna  may  be  used,  for  example,  in 
ship  impulse  radio-location  system,  designed  for  the 
detection  of  targets  on  sea  surface,  and  the  prevention 
of  sea  collisions.  The  low  level  of  side  radiation  in 
such  antenna  is  needed  for  elimination  of  false  bear¬ 
ings  on  the  side  petals  of  DD  antenna,  because  errors 
in  direction-finding  can  lead  to  ships  collisions. 

Thus,  the  proposed  technical  solution  of  the  design  of 
linear  speaking-trumpet  antenna  grid  can  be  implemented 
in  practice,  and  provide  for  the  side  radiation  on  horizontal 
surface  which  is  not  worse,  than  -  40  dB.  It  can  become  a 
widely  used  design  in  radiolocation  and  other  radio  tech¬ 
nical  systems. 
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Abstract 

Technical  solution  of  design  of  linear  phased  antenna  array  consisting  of  speak¬ 
ing-trumpet  radiating  elements  with  controlled  phase-rotators  and  uniform  amplitude 
distribution  along  the  array  is  proposed.  Low  level  of  side  radiation  is  provided  by 
special  shift  of  phase-rotators  phases,  which  does  not  require  any  changes  in  grid  de¬ 
sign. 


Receiving-transmitting  antennas  with  narrow  direc¬ 
tion  diagram  (DD)  on  azimuth  and  relatively  wide  DD 
on  location  angle  are  widely  used  in  radiolocation  and 
other  radiotechnical  systems.  For  example,  linear 
phased  antenna  array  (PAA),  which  looks  like  hori¬ 
zontal  line  of  speaking-trumpet  radiating  elements  can 
be  used  as  such  an  antenna. 

Each  element  of  PAA  has  controlled  phase-rotator  that 
provides  electrical  scanning  on  azimuth  of  DD  beam. 

Development  of  new  technical  solution  for  decreas¬ 
ing  of  side  radiation  level  on  horizontal  surface  for 
such  PAA  is  the  objective  of  our  research. 

Simplified  design  of  PAA  in  two  projections  is  pre¬ 
sented  on  Fig.  1. 

Linear  PAA  looks  like  horizontal  line  composed  of  N 
radiating  elements  of  H-sector  speaking-trumpets,  which 
operate  on  gap.  PAA  operates  in  X-  band  on 
A  =  0.032  m  wavelength.  Each  PAA  element  has  the 


Fig.  1.  Draft  of  the  antenna  array. 


phase-rotator  installed,  for  example,  ferrite  phase-rotator. 
The  size  of  PAA  aperture  is  equal  to  A  =  0.9143  m 
(width)  and  =  0.1 143  m  (length).  The  size  of  speak¬ 
ing-trumpet  radiating  element  aperture  is  equal  to 
bp  =0.01 145  m  (width)  and  =0.1 143  m  (length). 

PAA  consists  of  iV  =  80  elements. 

The  linear  PAA  is  installed  in  the  aperture  of  large 
E-sectors  speaking-trumpet  of  relatively  short  length 
B  =  0.5  m.  This  speaking-trumpet  is  required  for 
optical  supply  of  array  elements.  At  such  a  relatively 
short  length  of  large  E-sector  speaking-trumpet,  phase 
distortions  of  a  field  on  aperture  edges  are  inevitable. 
However,  such  distortions  are  not  hazardous  and  do  not 
have  any  significant  meaning,  because  they  can  be  eas¬ 
ily  compensated  by  controlled  phase-rotators  of  the 
elements.  Because  of  that,  we  can  apply  E-sector 
speaking-trumpet,  which  length  is  significantly  smaller 
than  horizontal  size  of  PAA  aperture.  Large  E-sector 
speaking-trumpet  is  supplied  by  rectangular  waveguide 
with  wide  wall  size  a  =  0.0229  m  and  narrow  wall 
b  =0.01 145  m.  mutual  rectangular  waveguide.  In  ad¬ 
dition,  polarization  of  radio  waves  is  horizontal. 

Controlled  phase-rotators  are  used  in  the  elements 
of  linear  PAA  for  the  following  purposes: 

•  electrical  scanning  on  azimuth  of  antenna  DD; 

•  compensation  of  phase  distortions  of  a  field  on 
aperture  edges  (that  allows  one  to  use  large  but 
short  E-sector  speaking-trumpet  for  radiation  of 
PAA  elements). 

Our  calculations  show  that  directed  parameters  of 
such  a  linear  PAA  are  mediocre.  Even  though  DD  on 
azimuth  of  2®  of  such  a  PAA  is  relatively  narrow  one, 
such  a  result  is  obtained  at  the  expense  of  unacceptably 
high  level  of  side  radiation  of -15.5  dB.  For  example, 
almost  the  same  level  has  sin-phase  vibrator  antenna 
array  with  uniform  amplitude  distribution,  which  means 
that  worse  parameters  simply  do  not  exist,  PAA  DD  in 
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Fig.  2.  Patterns  of  the  antenna  arrays 

vertical  surface  has  20°  width  and  appropriate  level  of 
side  radiation  of -24  dB,  which  is  quite  satisfying. 

Our  calculations  demonstrate  the  need  to  develop  a 
new  technical  solution  to  decrease  side  radiation  level 
of  linear  PAA  on  horizontal  surface.  One  of  the  ideas 
of  such  a  development  is  discussed  below. 

The  idea  is  based  on  the  application  of  well-known 
Dolph-Chebyshev  amplitude  distribution  [1,  2],  used 
in  sin-phase  vibrator  linear  antenna  array.  The  cur¬ 
rents  in  vibrators  are  set  based  on  that  distribution,  so 
the  required  low  level  of  side  radiation  is  obtained 
with  their  help.  However,  it  is  impossible  to  apply 
directly  this  well-known  solution  to  the  considered 
linear  PAA.  The  explanations  of  those  difficulties  are 
provided  below.  The  elements  of  linear  PAA  have 
only  phase-rotators,  and  do  not  have  any  devices  for 
weakening  of  currents  (fields)  amplitude  in  them.  Ad¬ 
ditional  introduction  of  fields  weakening  devices  can 
lead  to  big  loss  in  transmitter  power;  therefore,  it  is 
not  expedient  to  use  those  devices  based  on  design 
and  energy  reasons.  Therefore,  application  of  Dolph- 
Chebyshev  distribution  is  still  just  a  good  idea,  which 
is  difficult  to  apply  to  the  considered  linear  PAA. 

The  goal  is  to  obtain  low  level  of  side  radiation  on 
horizontal  surface  in  the  considered  linear  PAA  with¬ 
out  any  change  in  currents  (fields)  amplitude  and  ra¬ 
diation  power  of  each  PAA  element  by  the  use  of  only 
existing  controlled  phase-rotators.  At  first  it  seems  to 
be  impossible. 

The  scope  of  Dolph-Chebyshev  distribution  appli¬ 
cation  is  that  this  is  radiation  fields’  intensity  in  the 
direction  of  element’s  axis,  but  not  currents  (fields) 
amplitude  in  PAA  elements,  which  needs  to  be  set  in 
compliance  to  that  distribution. 

We  propose  to  implement  this  idea  as  follows. 

Elements  of  linear  PAA  are  conditionally  broken 
down  into  pairs,  and  number  of  pair  is  counted  start¬ 
ing  from  the  mid-point  of  aperture  to  the  right  and 
left.  Shifts  of  phases  are  equal  to 


and  are  installed  in  each  pair  of  elements  with  the  help 
of  controlled  phase-rotators,  where  is  the  phases 

shift  of  controlled  phase-rotator  of  m  -pair  of  PAA 
radiating  element  (in  the  left  half  of  PAA:  sign  is 

assigned  for  the  left  element  of  the  pair,  ‘  sign  is 
assigned  for  the  right  element  of  the  pair;  in  the  tight 
half  of  PAA  it  goes  vice  versa:  sign  is  assigned 

for  the  right  element  of  the  pair, " sign  is  assigned 
for  the  left  element  of  the  pair);  m  is  the  number  of 
pair  of  radiating  PAA  elements  (number  of  pair  is 
counted  starting  from  the  mid-point  of  PAA  aperture 
to  the  right  and  left;  overall  there  are  2M  of  pair 
elements  in  PAD,  N  —  AM  );  B  is  the  length  of  large 
E  -  sector  speaking-trumpet  of  PAA  radiation;  A  is 
the  wavelength;  is  the  size  of  PAA  element  meas¬ 
ured  on  horizontal  line  of  aperture;  is  normed 
coefficient  of  Dolph-Chebyshev  distribution  [1,2]. 

The  idea  of  proposed  technical  solution  on  decreas¬ 
ing  of  side  radiation  of  PAA  can  be  easily  explained 
from  physics  point  of  view. 

With  the  help  of  controlled  phase-rotators  of  PAA 
elements’  pair  DD  beam  of  that  pair  can  be  slightly 
shifted  to  the  right  (left  half  of  PAA)  or  left  (right  half  of 
PAA),  so  that  intensity  of  radiation  field  in  the  direction 
of  PAA  axis  decreases  slightly  and  receives  a  value 
which  is  proportional  to  appropriate  Dolph-Chebyshev 
distribution  coefficient.  That  allows  one  to  apply  effec¬ 
tively  Dolph-Chebyshev  distribution  without  loss  in  ra¬ 
diation  power  and  change  of  field  amplitude  in  the 
elements.  Except  for  controlled  phase-rotators  installed 
in  each  PAA  radiation  elements,  other  elements  are  not 
needed  for  the  implementation  of  our  proposal. 

A  shift  of  beams  of  elements’  pair  to  the  right  or 
left  (depending  on  PAA  half)  does  not  lead  to  symme¬ 
try  distortions  of  PAA  DD  and  beam  deviation  of  all 
PAA  DD  on  azimuth. 

Controlled  phase-rotators  are  used  for  the  follow¬ 
ing  purposes  in  considered  linear  PAA: 

•  electrical  scanning  on  azimuth  of  antenna  DD; 

•  compensation  of  phase  distortions  of  a  field  on 
aperture  edges; 

•  development  of  Dolph-Chebyshev  distribution  of 
radiation  intensity  in  the  direction  of  element’s 
axis  by  slight  deviation  of  DD  beam  of  elements’ 
pair  on  azimuth. 

Proposed  linear  PAA  is  an  exact  analog  to  PAA  - 
analog  on  their  design,  which  is  demonstrated  on 
Fig.  2.  The  only  difference  is  in  shifts  of  phases  set  in 
controlled  PAA  phase-rotators. 

DD  on  horizontal  surface  of  proposed  linear  PAA 
is  defined  approximately  by  the  following  formula: 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  321 


y.  N.  Bakhvalov,  V.  A.  Burmasov,  Yu.  V  Klonova,  Yu,  V.  Koloso\’a 


IH-  cosj9 


sin 


Trbp 


sin/? 


(  I  kb  \ 

^  A,,,  I  cos|-~sin^]cos[A:(2m  -  1)6^  sin/?]  - 
yl -{•  b>p  {  2771  —  1 


— jiparccos 


+  hp 


-An 


kbp 

xsin  “;psin/?  sm[k(2m  -  l)bp  smjS]} . 
2 


Example  of  calculations  for  DD  of  proposed  linear 
PAA  on  horizontal  surface  is  presented  in  Fig.  3.  Cal¬ 
culations  are  made  for  linear  PAA  of  exactly  the  same 
design  as  of  analog  PAA  mentioned  above.  The  only 
differences  are  set  phases  in  controlled  phase-rotators. 
For  comparison  purposes  the  same  figure  also  shows 
DD  of  analog  PAA. 

Fig.  2  shows  that  side  radiation  level  of  proposed 
linear  PAA  on  horizontal  surface  E  is  equal  to  -35  B. 


It  is  much  better  parameter  than  parameter  of  analog 
PAA.  DD  width  of  proposed  PAA  on  horizontal  sur¬ 
face  is  equal  to  2.4®,  that  is  slightly  wider  than  for 
analog  PAA,  but  that  is  a  trade-off  for  low  level  of 
side  radiation. 

Thus  proposed  new  technical  solution  can  be  im¬ 
plemented  in  practice,  and  provide  for  side  radiation  on 
horizontal  surface  which  is  not  worse  than  -35  dB,  and 
provide  for  acceptable  level  of  side  radiation  on  vertical 
surface  of  -24  dB.  It  can  be  become  widely  used  de¬ 
sign  in  radiolocation  and  other  radio  technical  systems. 
This  proposal  can  become  widely  used  device  in  radio¬ 
location  and  other  radio  technical  systems. 
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Abstract 

For  realization  of  self-pointing  with  the  help  of  mirror  antennas  of  ground  stations 
by  an  information  signal  it  is  necessary  to  have  4  irradiators  minimum.  All  irradia¬ 
tors,  as  it  is  known,  should  be  placed  on  a  small  distance  from  focal  axis  of  a  mirror 
for  displacement  of  partial  radiation  patterns,  which  are  forming  direction-finding 
characteristic  with  the  help  total-differential  systems.  Therefore  irradiators  are  in  a 
zone  of  significant  mutual  influence,  which  can  complicate  both  bearing  and  accu¬ 
racy  of  self-pointing.  Really,  at  exact  pointing  of  the  radiation  patterns  of  the  antenna 
on  the  flying  device  on  one  angular  coordinate  the  interfering  signal  because  of  mu¬ 
tual  influence  of  pair  of  irradiators,  which  define  other  angular  coordinates,  can  ap¬ 
pear  and  this  will  result  in  a  failure  of  auto-support  on  first  angular  coordinate. 
Therefore,  the  development  of  ways  of  lessening  mutual  influence  of  antenna  chan¬ 
nels,  which  realize  self-pointing  by  an  information  signal,  is  urgent.  Usually,  the  mu¬ 
tual  influence  is  estimated  either  as  a  factor  of  connection,  or  mutual  resistance, 
concerned  to  it  [1],  In  the  given  work  we  shall  consider  a  dependence  of  factor  of 
connection  (mutual  resistance)  from  geometrical  parameters  and  from  mark  of  polari¬ 
zation  of  regular  spiral  antennas,  and  also  from  their  mutual  orientation. 

Keywords:  irradiator,  spiral  antenna,  factor  of  connection. 


1.  Introduction 

At  realization  of  self-pointing  by  the  information 
channel  there  is  very  important  question  of  a  mutual 
outcome  both  channels  of  self-pointing  among  them¬ 
selves,  and  outcome  between  channels  of  self-pointing 
and  basic  receiving-transmitting  information  channel. 

One  of  the  main  questions  of  easing  of  mutual  in¬ 
fluence  is  the  choice  of  irradiator  type  both  for  the 
decision  of  a  task  of  self-prompting,  and  in  view  of 
easing  mutual  influence  of  channels  of  self-pointing 
and  basic  information  channels. 

For  realization  of  self-pointing  by  the  information 
channel  it  is  important  to  choose  irradiators  both  by 
criterion  of  formation  required  radiation  pattern  (RP), 
and  by  criterion  of  a  minimum  of  mutual  influence. 

The  application  of  waveguide-horn  antennas  is  lim¬ 
ited  by  the  following  defects:  the  horns  turn  out 
bulky;  they  have  linear  polarization.  The  single  dipole 
antennas  have  not  directed  RP  in  a  plane  H,  that  as  is 


essential  defect.  The  dipoles  with  reflector  are  usually 
used  for  removal  of  this  defect  (such  antennas  widely 
applied  as  irradiator  of  mirrors  and  lenses).  Advantage 
of  the  dipole  irradiators  is  its  small  sizes,  hence,  in¬ 
significant  shadowing  of  aperture.  The  dipole  with 
reflector  provides  wide  required  RP  (70-100®).  Spiral 
and  log-periodic  antennas  are  low-  and  middle- 
directed  wide-band  antennas  of  elliptic  and  linear  po¬ 
larization.  They  can  be  used  as  irradiators.  However, 
dipole  and  log-periodic  antennas  have  linear  polariza¬ 
tion,  and  realization  of  required  circular  polarization 
needs  difficult  system  of  summation  and  phasing. 
Therefore,  it  is  expedient  to  use  spiral  aerials.  The 
advantages  of  spiral  antennas  are:  the  rather  small 
sizes;  simplicity  of  the  feeding;  the  good  coordina¬ 
tion;  they  provide  radiation  and  reception  of  elliptical 
polarized  fields  in  a  wide  range  of  fi-equencies.  Thus, 
as  irradiators  of  mirror  antennas  for  reception  of 
waves  of  elliptic  polarization,  that  is  typical  for 
ground  stations  of  reception  of  the  information  from  a 
space  vehicle,  the  application  of  spiral  aerials  is  most 
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expedient.  Therefore,  we  shall  stop  on  consideration 
of  a  question  of  easing  of  mutual  influence  of  an¬ 
tenna’s  channels,  which  realize  self-pointing  by  an 
information  signal  by  means  of  optimization  of  geo¬ 
metrical  proportions  of  irradiator  design. 


2.  Formulation  of  the  problem 

The  mutual  connection  between  irradiators  of  a  mirror 
in  the  form  of  spiral  antennas  with  various  parameters 
can  be  essential.  Let’s  consider  the  ways  of  reduction 
of  mutual  connection  between  irradiators  in  form  of 
spiral  antennas.  In  the  given  work  we  shall  consider 
dependence  of  connection  factor  (mutual  resistance) 
from  geometrical  parameters  and  from  polarization 
mark  of  regular  spiral  antennas,  and  also  from  their 
mutual  orientation. 

For  reception  of  parities,  which  establish  interrela¬ 
tion  of  connection  factor  from  d/ X  and  from 
geometrical  parities  of  regular  spiral  antennas,  the 
method,  according  to  which  the  RP  to  each  of  the  in¬ 
terconnected  antennas  can  be  submitted  by  function  as 
(cos)’" ,  where  m  -  parameter  of  RP  approximation 


of  the  single  antenna,  is  used  [4]. 

From  [3]  it  is  known,  what  RP  width  on  half¬ 
capacity  level  is  concerned  with  geometrical  sizes 
(diameter  of  a  spiral  d ,  number  of  coils  N ,  comer  of 
winding  a )  by  following  parity: 


(2^0.5)° 


85 

•  k  •  a  •  tga^ 


(1) 


where  k  =  — — . 

A 

If  to  show  RP  of  the  regular  spiral  antenna  as 
(cos)’"  and  to  use  parities  (1),  it  is  possible  to  receive 


[1]: 


m  — 


-0.1506 
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The  expression  for  connection  factor  in  a  general 
form  can  be  received,  using  [1  and  3]: 

l2 
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where  m  is  defined  by  a  equation  (2);  r(a:)  is  the 
gamma- function;  JiX^)  is  the  Bessel  function  of 
i/-th  order;  is  the  Struve  function  of  t^-th 

order. 


Obviously,  the  equation  (3)  taking  into  account 
with  (2)  establishes  dependence  of  connection  factors 
both  from  geometrical  parameters,  and  from  a  mutual 
arrangement  of  two  spiral  antennas. 


The  equation  (3)  is  exact  one,  however  its  analysis 
is  difficult.  With  the  purpose  of  simplification  of  the 
analysis  we  shall  consider  a  sort  of  connection  factor 
for  asymptomatic  cases  of  distance  between  elements. 

At  small  distances  between  elements 
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From  a  equation  (4)  it  is  apparent  that  at  a  weak 
orientation  of  the  spiral  antenna  (m  =  1 )  connection 
factor  \Zyy  \  with  growth  of  d/A,  i.e.  distance  be¬ 
tween  elements  (not  exceeding,  however  y27r ),  de¬ 
creases  very  slowly,  not  faster  then  {kdy^^^ .  If  the 
orientation  of  the  spiral  antenna  is  characterized  by 

value  m  >  1,  then  in  limits  0  <  v  <  value 

A  iTT 

I  Zyy  I  even  little  grows  with  a  growth  of  dJX . 

At  distances  between  elements,  which  are  signifi¬ 
cant  large  than  y27r ,  which  more  often  occur  in  prac¬ 
tice  (i.  e.  dJX  >  0.4 ),  the  equation  (3)  can  be 
transformed  to: 


^+1 


.  r(m  +  3/2) 

I  A'/.  I  —  ^3 

Vtt  ‘  {kd/2)'^^^ 


(5) 


From  a  equation  (5)  it  is  visible,  what  even  at  a 
weak  orientation  of  the  spiral  antenna  {m  <  1)  con¬ 
nection  factor  decreases  absolutely  not  more  slowly, 
than  {kdf!^ .  With  an  increasing  of  an  orientation  the 

mutual  connection  decreases  even  faster. 

As  parameter  m  is  unequivocally  associated  to 
geometrical  parameters  of  the  spiral  antenna  by  the 
equation  (2),  it  is  obvious,  what  with  growth  of  ,  ka 
and  tga  the  value  \Zyy  \  decreases. 

The  experiment  has  shown  good  concurrence  of  the 
settlement  and  experimental  data  of  dependence 
IZyyj  from  d/X  and  N  [1]. 

The  technique  of  experiment  organization  consists 
in  usage  of  the  Kirgoff  equations  for  measurement  of 
connection  factor. 

It  is  known,  that  for  two  cooperating  antennas,  one  of 
which  is  active,  and  other  is  passive,  the  Kirgoff  equa- 
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Fig.  1. 

tions  can  be  written  down  as  follows: 

Ua  =  Ja  ’  '  ^VZ5 

0  =  Ja  '  Zyyr  +  Jn  '  zip, 
where  Ua  is  equivalent  to  a  feeding  voltage  on  an 
input  of  the  active  aerial;  Ja  is  the  established  current 
on  the  active  antenna  when  passive  antenna  is  present; 
Jn  is  the  induced  current  in  the  passive  antenna;  ZA{n) 

is  the  own  resistance  of  the  single  active  (passive) 
antenna;  Zyy  is  the  resistance  to  interrelation,  which 
module  is  connection  factor. 

Obviously,  the  capacities,  radiate  (reradiate)  by  the 
active  (passive)  antenna,  are  proportional  to  squares 
of  currents.  If  two  cooperating  antennas  are  identical, 
the  parity  is  fairly: 

Pa  J\ 

Using  equation  (6)  and  (7),  it  is  possible  to  obtain: 

|2 


(7) 


Pa 


'-THA) 


,e.g.\Z,J=^  (8) 


From  (8)  it  is  evident,  that  if  ^,4(n)  is  known  and  if 


p 

ratio  of  capacities  ,  have  been  measured,  it  is  pos- 

sible  to  obtain  unequivocally  the  value  of  a  square  of 
connection  factor. 

The  experimental  plant  is  assembled  from  the  gen¬ 
erator,  capacity  measuring  device,  test  bench  with  two 
moving  from  each  other  spiral  antennas  (Fig.  1).  In 
the  same  figure  the  basic  geometrical  parameters  of 
spiral  antennas  are  shown: 

Al  is  the  length  of  stimulating  junction; 

A(p  is  the  comer  of  mutual  orientation  of  the  first 
coils  of  active  and  passive  spiral  antennas; 


d  is  the  distance  between  active  and  passive  anten¬ 
nas. 

For  reduction  of  Pa  and  Pn  measurement  errors 
both  capacities  were  measured  with  the  help  of  the 
same  measurer  in  power  feeder  by  measuring  of 
maximal  and  minimum  levels  of  field  intensity  with 
the  subsequent  of  calculation  arithmetic-mean. 

The  results  of  experiments  are  processed  and  it  is 
possible  to  make  the  following  conclusions: 

1.  At  measuring  of  dependence  \Zy^f  from  dis¬ 
tance  between  spiral  antennas,  when  Al/X  =  0,2, 
N=l,  from  various  orientation  of  the  first  coil 
( Aip  =  0,  90,  1 80°)  and  from  a  various  polarization 
mark  of  active  and  passive  antennas.  Is  founded,  what 
at  identical  orientation  of  the  first  coils  ( A(p  —  0)  the 
square  of  connection  factor  decreases  with  accuracy 
of  constant  multiplier  when  d  /  A  is  growth,  and  it 
repeat  a  theoretical  parity  (5).  When  A(p  =  180° 
connection  factor  decreases  not  monotonously,  and  it 
has  some  rise  in  area  A/ /A  =  1,5 ;  however,  in  all 
range  0,4  <  A// A  <  1,8  where  it  changing  it  re¬ 
mains  less,  than  when  Aip  —  0°. 

2.  Square  of  connection  factor  accepts  the  least 
value  when  A(p  —  90°,  it  is  more  then  in  6  times  less 
when  Aif  =  0°,  it  is  more  then  in  2times  less  when 
Aip  =  180°  in  all  range  of  change  Al/X, 

3.  Change  of  polarization  mark  simultaneously  at 
both  antennas  does  not  result  in  appreciable  changes 

4.  We  measured  the  dependences  \Zyy  f  on  quan¬ 
tity  of  spiral  coils  for  a  case  when  connection  is 
maximal  and  Aip  =  0°  at  the  following  values: 
d/X  =  0,72;1,27,  Al/X  =  0,2.  It  has  been  ob¬ 
tained,  that  when  d/ A  =  0, 72  and  iV  =  5  -f  7  , 
some  increase  of  connection  is  observed,  and  when 
d/A  —  1,27  such  an  increase  of  connection  is  ob¬ 
served  in  area  A  =  3  -J-  6 ,  and  the  connection  of 
hetero-polarized  antennas  is  stronger,  than  in  spiral 
antennas  with  the  same  mark  of  polarization  (one- 
polarized  antennas). 

5.  We  measured  the  dependences  \Zyy  on  length 
of  stimulating  transition  A//  A  .  It  has  been  obtained, 
that  the  minimal  connection  is  observed  when 
Al/X  «  0,3,  both  for  hetero-  and  for  one-polarized 
antennas.  Maximal  connection  is  observed,  when 
A// A  =  0,2  and  0,4. 
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Fig.  2. 

6.  We  measured  the  dependences  \Zyy  f  on  mutual 
orientation  of  the  first  coil  of  spiral  antennas.  It  has 
been  obtained,  that  minimal  connection  of  hetero- 
polarized  antennas  is  observed  when  Aip  =  90°,  and 

of  one-polarized  antennas  at  135°  (-45°)  for  right- 
polarized  and  at  +  45°  for  left-polarized  antennas. 

3.  Conclusion 

In  this  work  the  theoretical  equations  of  dependence 
of  the  mutual  resistance  module  (connection  factor) 
from  the  geometrical  sizes,  mutual  orientation  and 
mark  of  polarization  of  two  regular  spiral  aerials  are 
obtained.  The  carried  out  experiment  has  confirmed 
the  received  settlement  equations.  As  a  result  of  ex¬ 
periment  it  has  been  established,  that  the  mutual  con¬ 
nection  essentially  depends  on  length  of  stimulating 
junction  and  from  mutual  orientation  of  the  first  coil 


of  a  spiral.  Is  has  been  marked,  that  the  minimal  con¬ 
nection  is  observed  when  size  of  stimulating  junction 
is  A// A  =  0,3 ,  and  orientation  of  the  first  coil  of  a 
spiral  is  90°  for  the  one-polarized  antennas.  With  a 
growth  of  number  of  coils  the  mutual  connection 
tends  to  decrease. 

Hence,  at  easing  of  mutual  influence  of  antenna 
channels,  which  realize  self-pointing  on  an  informa¬ 
tion  signal  by  optimization  of  geometrical  parities  of 
irradiator  design,  it  is  expedient  to  set  irradiators  as 
shown  in  a  Fig.  2. 

Such  an  orientation  allows  one,  at  first,  to  keep 
phase  synchronism  of  irradiator  pairs,  which  realize  a 
monopulse  method  of  direction-finding  in  each  chan¬ 
nel  of  self-pointing,  and  secondly,  to  reduce  mutual 
influence  between  channels  up  to  a  minimum. 
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Abstract 

Planar  structures  reradiating  electromagnetic  waves  are  widely  used  now.  Such 
structures  can  be  seen  as  planar  analogues  of  reflector  antennas.  One  of  perspective 
variants  of  their  application  may  be  a  planar  horizontal  reradiator  of  periscope  an¬ 
tenna  system.  The  present  paper  suggests  a  variant  of  reradiating  structure  with  longi¬ 
tudinal-broadside  reradiation.  The  suggested  structure  is  simple  and  manufacturable. 
Its  application  as  horizontal  reradiator  for  periscope  antenna  system  (PAS)  will  sim¬ 
plify  the  design  considerably  due  to  load  reduction. 

Periscope  antenna  systems  (PAS),  used  in  radio  communication,  are  large  station¬ 
ary  structures.  But  application  of  horizontal  reradiating  array  in  such  structure  as  re¬ 
radiator  allows  simplifying  reradiator  bearing-lifting  gear.  At  that,  basic  requirement 
is  capability  of  reradiator  to  re-emit  power  in  direction  longitudinal  to  its  plane.  The 
second  part  of  the  paper  introduces  PAS  reradiator  structure  on  the  basis  of  two  cou¬ 
pled  antenna  arrays.  The  suggested  methods  of  calculation  are  supported  by  experi¬ 
mental  investigation  of  model  of  the  reradiating  structure. 

Keywords-,  planar  antenna,  reradiating  structure. 


Introduction 

Now  various  planar  antenna  systems  are  widely  used. 
For  instance,  planar  analogues  of  reflector  antennas 
based  on  phased  arrays  are  applied  in  satellite  televi¬ 
sion  systems,  Internet  and  communication  systems 
[1].  Such  arrays  are  structures  with  reradiators  placed 
on  the  plane.  Changing  the  shape  and  features  of  rera¬ 
diators  it  is  possible  to  make  the  structure  reradiate 
arriving  electromagnetic  wave  in  the  required  direc¬ 
tion.  Often  it  is  necessary  to  reradiate  the  wave  in 
direction  longitudinal  to  structure  plane.  For  instance, 
in  periscope  systems  replacement  of  vertical  reradia¬ 
tor  with  horizontal  one  with  longitudinal  reradiation 
provides  significant  gain  in  reradiator  lifting  gear. 

The  suggested  reradiating  structure  may  be  a  con¬ 
siderable  support  in  accomplishing  this  task.  Operation 
principle  of  the  suggested  reradiating  structure  consists 
in  capability  to  reradiate  the  received  electromagnetic 
wave  (EMW)  in  the  specified  direction.  One  of  features 
of  the  described  structure  is  the  capability  to  reradiate 
normally  falling  EMW  in  direction,  which  is  longitudi¬ 
nal  relative  to  the  structure  plane.  Such  reradiation 
scheme  is  often  used  in  conformal  antenna  structures. 

PartI 

Let  us  consider  reradiating  structure,  which  consists  of 
half-wave  dipoles,  placed  on  plane  dielectric  surface 
(Fig.l).  It  is  a  planar  equispaced  array  with  half-wave 
diode  as  elementary  radiator.  Array  spacing  is  similar 
in  rows  and  columns  and  equals  a  half  of  wave  length. 


Number  of  radiators  in  columns  is  N,  number  of  rows 
is  M.  At  that,  adjacent  dipoles  in  rows  are  turned  to  op¬ 
posite  sides  at  angle  a  =  45^^  (Fig.  2),  and  in  columns 
they  are  oriented  in  a  similar  way.  Antenna  array  is  radi¬ 
ated  by  E-sector  horn,  placed  in  the  same  plane. 

Antenna  array  directional  pattern  calculation  is  not 
possible  according  to  Bonch-Bruyevich  law,  i.e.  sepa- 
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rate  radiators  are  oriented  unequally.  That’s  why  we 
will  consider  the  system  containing  two  nested  arrays, 
placed  in  plane  XOY . 

Each  array  is  a  two-dimensional  equispaced  array, 
which  consists  of  half-wave  dipoles.  Elements  of  each 
array  are  placed  in  straight-line  graticube  nodes  with 
spacing  dx ,  dy .  Array  spacing  is  equal,  centers  of 
one  and  other  arrays  are  shifted  from  coordinate  ori¬ 
gin  by  dxl ,  dyl ,  dx2 ,  dy2 .  The  elements  are  turned 
relative  to  axis  X  by  angles  aj  and  a^. 

Let’s  add  spherical  coordinates  system  r ,  0 ,  (p, 
where  r-  range  from  coordinate  origin  to  sighting 
point,  6-  angle  between  axis  Z  and  direction  to 
sighting  point,  and  (p  -angle  between  X  axis  and 
sighting  point  projection  to  plane  XOY  Fig.  1. 

To  determine  directional  pattern  of  a  separate  su¬ 
barray  element  we  will  use  the  known  ratio  [3].  Let’s 
consider  that  dipole  is  characterized  by  certain  current 
vector  located  in  plane  XOY . 

This  current  vector  can  be  represented  as: 

ii  ={xQCosai  -1- Uo  sinai  )cosai  (1) 


for  the  first  subarray  and 

h  =  (^u  ^2  “I"  Vo  ^2  a2  (2) 

for  the  second  subarray.  At  that,  functions  of  cos  and 
sin  in  brackets  determine  dipole  position  at  XOY 
plane,  and  cos  out  of  brackets  -  dipole  position  rela¬ 
tive  to  electric  field  vector,  inducing  current  in  it. 

Let  us  use  the  method  based  on  vector  and  scalar 
potential  to  estimate  the  field  in  the  dipole  far  zone. 
We  know,  that  vector  potential  can  be  specified  as  [3]: 


where:  fi,,  is  the  absolute  magnetic  permeability;  li  is 

the  dipole  with  induced  current  t ;  r  is  the  range  to 
sighting  point. 

Perfonning  the  known  conversions  [3]  we  obtain: 

H  =  —rot  A  =  const{r)r^  xl .  (4) 


As  we  are  interested  only  in  directional  pattern, 
multiplier,  depending  on  range  from  sighting  point 
(const(r)),  can  be  omitted.  Hence,  after  normaliza¬ 
tion  and  designating  the  normalized  vector  of  mag¬ 
netic  intensity  as  ft  ,  we  receive: 


A  =  f  **  X  f  ,  (5) 

where:  f'*  =  j^sin0cos(^  +  j/osin0sin<^  +  ^cos0- 
direction  to  sighting  point. 

We  determine  dipole  field  of  the  first  subarray: 

^0  Vi)  ^0 

hi  =  sin ^ cos s\n6s\n(p  cos 6  (6) 

cosai  sinoi  0 


The  same  way  we  determine  dipole  field  of  the  sec¬ 
ond  subarray 

hi  =  sin0cos(/?  sin  0  sin  y)  cos  6  .  (7) 

cos  02  sin  02  0 

Let’s  determine  subarray  system  multipliers. 

A/-1  AT-l 

fsisi{9,fp)=  X) 

m=0  «=0 

where  k  =  2^1  X  ;  =  Xq  +  rndx]  4- 

'^Voldyl  +  ndy]  -  for  the  first  subarray  and  = 
=  Xq  [dx2  4-  mdx]  4-  yo  ldy2  4-  ndy]  -  for  the  second 
subarray. 

Correspondingly  subarray  vector  diagrams 
fi{0,(p)  =  fhfsisi] 

(9) 

f2{e,ip)  =  hJsiSi- 

To  determine  scalar  expression  for  subarray  direc¬ 
tional  pattern  it  is  necessary  to  perform  coordinatewise 
addition  of  subarray  fields  and  take  a  module  of  it: 

fx  =  ftxl  •  fsisl  4-  hx2  •  fsis2^ 

fy  =  hyl  •  fsisl  4-  hy2  •  fsis2^  (10) 

fz  =  hzl  •  fsisl  4-  hz2  •  fsis2, 

F  =  +  //  +  fz'  ■  (11) 

According  to  the  stated  methods  directional  pattern 
calculation  of  subarray,  including  20  rows  and  40  col¬ 
umns,  was  carried  out.  Fig.3  represents  subarray  direc¬ 
tional  patterns  for  three  variants  of  dipole  positions. 

In  the  first  case  adjacent  dipoles  are  turned  relative 
to  each  other  by  the  angle  of  45®  .  At  that,  directional 
pattern  main  lobe  is  jammed  to  array  surface  and  has 
narrow  shape  in  horizontal  plane  and  wide  shape  in 
vertical  plane  (Fig.  4).  Back  lobe  has  the  same  size  as 
main  one.  There  is  also  a  narrow  diffraction  maxi¬ 
mum,  directed  vertically  in  normal  direction  relative 
to  array  plane.  In  the  case,  stated  in  Fig.  3  with  num¬ 
ber  2,  adjacent  dipoles  have  an  angle  of  70®  between 
each  other.  At  that,  as  per  the  first  case,  array  direc¬ 
tional  patter  has  the  same  shape,  but  DP  main  lobe  is 
lower  in  amplitude.  Amplitude  value  of  diffraction 
maximum  is  higher.  In  the  third  case,  the  angle  be¬ 
tween  dipoles  is  110® .  DP  shape  is  similar  to  the  first 
and  second  variants,  though  it  is  lower  in  amplitude. 

Hence,  dipoles  orientation  change  relative  to  the  first 
variant  of  position  when  the  degree  of  45®  between 
them  leads  to  DP  decrease,  as  part  of  power  changes  to 
diffraction  maximum  or  to  lobe  at  cross  polarization. 
Availability  of  high  diffraction  lobe,  equal  to  main 
loge  in  level,  makes  the  structure  of  little  use  at  sin¬ 
gle-layer  application.  The  percent  of  power  leakage 
(not  intercepted  by  the  structure).  This  lack  can  be 
corrected  using  additional  layer  of  the  same  structure 
mixed  relative  to  the  first  on  at  the  range  of  A/4  . 
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a) 


lected  reradiating  structure.  Structure  fragment  DPs 
were  read  by  way  of  measurements  in  free  space. 

Fig.  4  represents  experimental  DP  in  vertical  plane 
and  Fig.  5  in  horizontal  plane  of  the  structure. 

It  is  seen,  that  reradiating  structure  has  pronounced 
directional  features.  Frequency  bandwidth,  evaluated 
on  gain  decrease  by  2  times,  is  approximately  8%  of 
frequency  carrier. 

Dependence  of  the  structure  model  DP  main 
maximum  direction  on  radiation  frequency  has  been 
obtained  during  the  experiment,  which  can  be  used  for 
creation  of  systems  with  frequency  scan  or  creation  of 
double-diagram  arrays. 


Fig.  3.  Nonstandardized  directional  pattern  of  su¬ 
barray  includes  1600  dipoles:a)  in  horizon¬ 
tal  plane,  6)  in  vertical  plane.  Angles 
between  adjacent  dipoles:  1  -  90®;  2  -  70®; 
3-110®. 


Experimental  research  of  fragment  of  such  struc¬ 
ture  was  carried  out  for  practical  check  of  theoretical 
calculations  and  comparative  evaluation  of  the  se- 


Part2 

The  suggested  reradiator  design  includes  two  intercon¬ 
nected  arrays.  The  first  one  is  an  array  of  wave  dipole 
quarter.  The  second  one  -  is  an  array  of  one-thread  spiral 
elements  Fig.  6.  Both  arrays  are  coupled  bit-by-bit  by 
feeder  line,  which  is  a  part  of  wire.  The  same  type  of 
wire  is  used  at  creation  of  spirals  and  loop  dipoles. 

Let  us  consider  one  dipole,  coupled  with  spiral,  as 
a  separate  integrated  element  of  reradiator.  Reradiator 
element  operation  mechanism  determines  the  neces¬ 
sity  to  have  metallic  shield,  which  shall  separate  loop 
dipole  and  spiral.  Electromagnetic  wave  ^MV),  re¬ 
ceived  by  spiral  element,  is  partly  reradiated  in  direc¬ 
tion,  determined  with  phasing,  and  partly  it  is 
transmitted  to  loop  dipole,  which  transmits  it  finally. 

Array  phasing  shall  be  performed  for  reradiation  to 
pass  in  longitudinal  direction  relative  to  reradiator 
surface.  Reradiator  phasing  with  such  design  is  per¬ 
formed  by  way  of  establishing  the  corresponding  an¬ 
gle  of  spiral  element  turn.  Depending  on  the  selected 
inclination  angle  of  DP  main  angle  and  its  azimuth 
orientation,  relative  to  reradiation  array,  diffraction 
maximums  may  occur  in  DP.  The  analysis  of  diffrac¬ 
tion  maximums  occurrence  in  arrays  with  various 
variants  of  element  arrangement  was  carried  out  in  the 
monograph  [2].  It  was  outlined,  that  during  selection 
of  phasing  direction  in  azimuth  plane  it  is  possible  to 
find  a  direction,  at  which  the  required  level  of  diffrac¬ 
tion  maximums  is  obtained. 

To  check  the  above,  reradiator  model  was  manu¬ 
factured  and  experimentally  examined.  First,  reradia¬ 
tor  element  design  variants  were  checked  using 
special  stand  with  method  of  measuring  electric  pa¬ 
rameters  in  waveguides.  Then,  DPs  of  reradiator- 
model,  manufactured  on  the  basis  of  finalized  element 
design,  were  read1)y  method  of  measurement  in  a  free 
space.  Array  elements  were  arranged  within  metal 
circle  with  thickness  of  5  mm  and  radius 
a  =  15,5  cm,  in  nodes  of  triangular  grid  with  step 
6  =  c  =  A/2  Fig.  7. 

By  way  of  reradiator  lower  array  spirals  turn,  it  was 
possible  to  check  reradiator  adjustment  with  direc¬ 
tional  pattern  maximums  of  reradiator  both  arrays 
(higher  and  lower)  phased  at  angle  0  =  82®  relative 
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to  axis,  perpendicular  to  reradiator  plane.  Reradiator 
elements  were  calculated  for  wave  length  of  3  cm. 

Fig.  8  and  Fig.  9  represent  PAS  model  directional 
patterns,  one  measured  during  experimental  examina¬ 
tion  and  one  calculated,  in  vertical  and  horizontal 
planes. 

Conclusion 

1 .  The  suggested  reradiating  structure  with  feature 
of  longitudinal-broadside  reradiation  is  much  cheaper 
in  manufacturing  and  more  comfortable  for  applica¬ 
tion  as  conformal  antenna.  Application  of  the  second 
layer  in  the  structure  will  give  the  opportunity  to 
compensate  the  large  back  lobe,  which  is  a  character¬ 
istic  of  single-layer  design. 

2.  Experimental  examinations  of  periscope  antenna 
reradiator  on  the  basis  of  two  coupled  arrays  proved 
the  possibility  to  create  a  structure  with  longitudinal 
reradiation.  The  suggested  design  of  electrically  cou¬ 
pled  antenna  arrays  can  be  considered  as  one  variant 
of  such  a  structure. 
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Abstract 

The  effects  of  non-ideal  channel  estimation  in  multiple-input-multiple-output 
(MIMO)  wireless  communication  systems  using  the  eigenchannel  technique  for  the 
independent  symbol  transmission  are  investigated  in  this  paper.  Analytical  expression 
is  derived  for  the  Shannon  capacity  for  arbitrary  signal-to-noise  ratio  (SNR),  training 
sequence  length  (TSL),  transmit  and  receive  antenna  numbers.  The  weight  error  loss 
(WEL)  that  quantifies  the  increase  in  signal-to-noise  ratio  (SNR)  required  to  meet  a 
given  capacity  target  due  to  weight  jitter  are  investigated. 

Keywords:  MIMO  systems,  adaptive  beamformer,  channel  estimation,  eigenchannel s, 
capacity,  weight  error  loss,  training  sequence. 


1.  Introduction 

One  of  the  main  problems  of  the  communication  sys¬ 
tems  is  a  significant  increase  of  the  data  rate  in  the 
different  environments,  especially  in  the  deep 
Rayleigh  fading  which  is  caused  by  the  multipath 
propagation.  The  data  rate  can  be  increased  signifi¬ 
cantly  due  to  the  use  of  the  multiple-input-multiple- 
output  (MIMO)  systems  with  antenna  arrays  at  both 
the  transmit  and  receive  link  ends. 

Recently,  MIMO  systems  with  the  parallel  spatial 
eigenchannel s  for  the  independent  symbol  transmis¬ 
sion  have  drawn  considerable  attention  [1],  [2].  These 
eigenchannels  are  orthogonal  decoupled  channels  and 
the  symbol  detection  at  the  outputs  of  eigenchannels 
is  carried  out  independently.  Such  MIMO  system  in¬ 
creases  the  data  rate  considerably  [3],  but  the  trans¬ 
mitter  must  have  the  channel  knowledge  that  gives  the 
possibility  to  form  the  eigenchannels. 

In  the  case  of  the  MIMO  system  the  training  se¬ 
quence  of  each  transmit  antenna  must  be  differ  from 
the  others,  in  order  to  allow  each  transmit  antenna  to 
be  identified  at  the  receive  antennas  and  to  estimate 
the  channel  coefficients  between  all  pairs  of  transmit 
and  receive  antennas.  The  time  channel  variations 
mean  that  only  finite  number  of  the  training  signals 
can  be  used  for  channel  estimation  at  any  time.  Noise 
will  be  present  in  the  estimated  channel  coefficients 
causing  so-called  “weight  jitter”  [4]. 

The  imperfect  channel  estimation  leads  to  the  er¬ 
rors  of  the  eigenvectors  of  both  the  transmit  and  re¬ 
ceive  adaptive  beamformers.  Therefore  the 
orthogonality  of  the  eigenchannels  is  destroyed  and 
the  crosstalk  between  eigenchannels  appears.  With  the 


increase  of  the  channel  estimation  error  the  crosstalk 
gain  between  the  eigenchannels  is  increased  and  the 
eigenchannel  gains  are  decreased.  If  MIMO  system 
must  attain  a  certain  level  of  the  capacity  averaged 
over  the  fading  then  we  can  introduce  the  weight  error 
loss  (WEL)  that  quantifies  the  increase  in  signal-to- 
noise  ratio  (SNR)  required  to  meet  a  given  capacity 
target  due  to  weight  jitter.  This  paper  is  devoted  to  the 
investigation  of  the  capacity  and  WEL  of  MIMO  sys¬ 
tem  using  the  eigenchannel  technique. 

2.  Power  and  Crosstalk  Gains  of 
Eigenchannels 

We  consider  the  MIMO  system  with  M  transmit  and 
N  receive  antennas.  Let  be  the  channel  coefficient 

for  transmit  and  receive  antennas  and  H  be  a 
{N  X  M)  -matrix  of  the  channel  coefficients.  This  ma¬ 
trix  has  a  singular-value  decomposition  of  the  form 
H  =  where  the  matrix  V  =  (Vi,  V2,...,  V/i:) 

consists  of  the  matrix  eigenvectors  and  the 

matrix  U  =  (Ui,U2,.».,U/^)  consists  of  the  matrix 

HH^  eigenvectors;  A  is  the  (AT  x  A) -diagonal 
matrix  of  non-zero  eigenvalues  \j  of  the  matrix 
H^H  or  A:  =  min{MxA};  {,f  -  is 

Hermltian  conjugate.  We  assume  that  for  the  Rayleigh 
fading  the  matrix  H  has  independent  identically  dis¬ 
tributed,  complex,  Gaussian,  zero-mean  entries 

and  IH  I  is  a  chi-squared  random  variable  with  two 

degrees  of  freedom  normalised  so  <|/iy  |^>=l 
(<...>  means  the  statistical  average). 
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The  orthogonal  beam  sets  at  both  the  transmitter 
(with  the  help  of  matrix  V  )  and  the  receiver  (with  the 
help  of  matrix  U  )  are  formed  in  order  to  create  parallel 
eigenchannels-  The  signal  vector  S  at  the  transmit 

beamformer  V  output  can  be  written  as  S  =  P^^^VC, 
where  C  =  (ci,C2,...,c/j;)^  is  the  vector  of  K  sym¬ 
bols  simultaneously  transmitted  over  K  eigenchan¬ 
nels;  P  =  is  the  diagonal  matrix  of 

powers  at  eigenchannel  inputs;  (.)^  is  transpose.  The 
optimal  power  allocation  between  eigenchannels  that 
maximises  the  capacity  is  found  on  the  base  of  the  so- 
called  'water-filling*  algorithm  [5]. 

The  signal  vector  at  the  receive  beamformer  input 

is  X  =  p’/^a'/^VC  -I-  Z ,  where  Z  is  the  vector  of 
complex,  additive  white  Gaussian  noise  (A WON)  that 
is  assumed  as  independent  in  different  antennas,  has 
zero  mean  and  variance  (Tq  .  The  output  signal  vector 

is  equal  to  Y  =  +  Z,  where  Z  =  U^Z . 

The  statistical  properties  of  the  transformed  noise  Z 
and  non-transformed  noise  Z  are  the  same.  Therefore 
the  eigenchannels  are  the  orthogonal  decoupled  chan¬ 
nels  and  can  be  used  for  the  independent  symbol 
transmission.  The  block  diagram  of  MIMO  systems  is 
shown  on  Fig.  1. 

The  SNR  at  the  eigenchannel  output  is  equal  to 
SNR}^  =  pf^\  ,  where  =  p^ycro  .  The  mean  Shan¬ 
non  capacity  <  C7  >  is  the  sum  of  the  mean  capacities 
of  all  individual  eigenchannels  and  given  by  [1],  [3] 

K 

C  =  log2(l  +  PaAa)  >  •  (1) 

Ji=i 


This  formula  is  true  for  the  case  of  the  perfect 
channel  knowledge  when  the  TSL  L  is  unlimited 
(  L  =  00 ).  Assume  that  each  element  /ly  of  the  exact 

channel  matrix  H  is  estimated  by  means  of  the  train¬ 
ing  sequence,  which  has  length  L  of  symbols.  Then 
we  have  the  channel  matrix  H  =  H  -j-  AH  instead  of 
the  matrix  H  .  If  the  maximum  likelihood  estimate  is 
used  then  the  matrix  AH  elements  are  independent 
normal  complex  random  values  with  a  zero  mean  and 
variance  equals  to 


where  the  SNR  p  =  Pojol ,  is  the  full  transmit 


Fig.  1.  The  diagram  of  MIMO  systems  with  adap¬ 
tive  transmit  and  receive  beam  formers 


power.  Formula  (2)  takes  into  account  that  the  power, 
radiated  by  antenna  for  the  measurement  of  the 
channel  matrix,  is  p,  =  PojM . 

The  error  matrix  AH  leads  to  errors  of  the  eigen¬ 
vectors  of  the  transmit  and  receive  beamformers  (the 
matrices  V  and  U  instead  of  the  matrices  V  and 
U  ).  Therefore  the  orthogonality  of  the  eigenchannels 
is  destroyed  and  the  crosstalk  appears.  It  decreases  the 
SNR  and  capacity. 

Let's  write  the  transformations  of  the  transmitted 
symbols  in  the  transmit  beamformer,  spatial  channel 
and  receive  beamformer.  As  a  result,  we  obtain  that 
the  signal  at  the  eigenvector  output  is 

y,(f)  =  VPr(U''HV)^,c,+ 

K  (3) 

+  E  VW(U''HV)  c,,+2, 

The  first  item  gives  the  useful  signal.  The  second 
term  characterises  the  crosstalk  since  the  element 
(U^AHV).^  (t  j)  gives  the  crosstalk  in  the 

eigenchannel,  caused  by  the  f'  eigenchannel.  The 

matrices  V  and  U  are  unitaiy  and  don't  change  sta¬ 
tistic  properties  of  the  matrix  AH .  Therefore  the 
elements  of  the  matrix  U^HV  are  independent  com¬ 
plex  random  values  with  zero  mean  and  the  variance 
given  by  (2). 

It  follows  from  (3)  that  the  SNR  at  the  eigen¬ 
channel  output  given  by 

p,|(U^HV),.,f 
1+  E  A|(U"HV),,f 

For  the  capacity  averaging  we  must  find  the  prob¬ 
ability  density  function  of  random  SNR  at  each  eigen¬ 
channel  output  taking  into  account  the  formula  (4). 
But  it  is  a  very  difficult  problem.  Therefore  the  ap¬ 
proximate  expressions  for  the  mean  SNR  and  mean 
capacity  will  be  obtained  for  arbitrary  a'l,  M  and 
N .  These  formulas  will  be  derived  on  the  base  of  two 
limited  cases  =0  and  al  »  1)  and  verified 
for  the  intermediate  al  with  the  help  of  the  Monte 
Carlo  simulation. 

The  eigenchannel  gains  equal  to  eigenvalues  of  the 
exact  matrix  H  with  the  perfect  channel  knowledge 
(af,  =0).  With  the  big  error  of  the  channel  estima¬ 
tion  (al  »  1)  the  gain  of  all  the  eigenchannels 
tends  to  unity.  Such  behaviour  of  the  average  power 
gain  of  the  eigenchannel  can  be  described  with  the 
function 

<  |(U^HV),,  f  >=  ^  Y'‘  ■  (5) 

1  +  a,, 
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The  crosstalk  gain  between  eigenchannels  equals  to 
zero  with  the  perfect  channel  estimation  ( cr|  =0 ). 
For  large  errors  (cr|  >>  1),  the  eigenchannels  are 
destroyed  and  all  the  average  crosstalk  gains  tend  to 
unity.  Such  a  behaviour  of  the  average  crosstalk  gains 
is  described  with  the  function 

(6) 

i  T  O'* 

It  can  be  seen  that  the  crosstalk  gains  are  the  same  for  the 
different  transmit  and  receive  numbers  and  depend  only 
on  the  variance  al  of  the  channel  estimation  error. 

The  theoretical  results  for  the  eigenchannel  and 
crosstalk  gains  obtained  on  the  base  of  (5)  and  (6) 
were  compared  with  the  Monte  Carlo  simulation  re¬ 
sults  obtained  with  the  help  of  (4)  for  Rayleigh  fading 
channel.  Fig.  2  and  3  show  the  mean  power  gains  of 
all  the  eigenchannels  and  two  mean  eigenchannel 
crosstalk  gains  versus  the  variance  cr|  for  M  =  4 
and  A  =  4 .  It  can  be  seen  that  the  simulation  results 
match  very  well  with  the  theory.  Analogous  results 
were  obtained  for  other  values  of  M  and  N .  There¬ 
fore  formulas  (5)  and  (6)  are  a  good  approximation  for 
the  mean  eigenchannel  gains  and  eigenchannel 
crosstalk  gains. 


3.  Mean  Capacity  with  Imperfect 
Channel  Knowledge 


Formulas  (5)  and  (6)  allow  us  to  obtain  the  mean  SNR 
at  the  eigenchannel  outputs.  As  a  result  the  mean  SNR 
in  the  eigenchannel  is 


For  the  use  of  this  result  we  make  the  following 
approximation:  the  averaging  of  logarithmic  functions 
in  (1)  is  replaced  by  the  averaging  of  arguments  of 
these  functions.  This  approximation  is  exact  for  the 
case  of  static  channel  without  fading  and  has  the  larg¬ 
est  inaccuracy  for  the  Rayleigh  fading  channel.  Tak¬ 
ing  into  account  (2)  we  obtain  that 


<C  ^log2  1  + 


1  +  (p-  <  Pi  >  +1)^ 


Formula  (8)  is  valid  in  the  case  of  the  arbitrary 
(small  and  big)  error  of  the  channel  estimation  or  in 
the  case  of  the  arbitrary  SNR  and  TSL.  It  takes  into 
account  eigenchannel  crosstalk  and  the  change  of  the 
useful  signal  due  to  imperfect  channel  estimation. 

If  the  uniform  power  allocation  is  used  instead  of 
the  'water-filling'  algorithm  then  pi  =  pJK  and  it  is 

follows  from  (8)  that 


Now  we  consider  the  case  of  the  small  error  variance, 
when  al  <<  1  or  pL  »  M .  This  is  the  case  of 
high  SNR  p  or  long  TSL  L  .  Let's  take  into  account 
that  only  the  eigenchannels  with  >  1  give  the 
main  contribution  into  the  capacity.  Then  the  capacity 
is  given  by 


i+p. _ <A> _ 

KL  j 


.(10) 


The  key  formula  (8)  for  the  mean  capacity  was  de¬ 
tailed  verified  on  the  base  of  the  comparison  with 
Monte  Carlo  simulation  results  for  the  different  al , 
N  and  M  .  Fig.  4  shows  the  simulation  and  the  theo¬ 
retical  results  for  M  =  4  and  N  ~  2  when  the  TSL 
L  =  1  and  L  =  100 .  Analogous  results  were  ob¬ 
tained  for  other  N  and  M .  Thus  the  obtained  for¬ 
mula  (8)  is  a  good  approximation  for  the  mean 
capacity  of  the  MIMO  systems  for  the  arbitrary  SNR 
p ,  TSL  L ,  the  number  of  the  transmit  {M)  and  re¬ 
ceive  ( A )  antennas. 


4.  Weight  Error  Loss  Analysis 

WEL  quantifies  the  increase  in  SNR  required  to  meet 
a  given  mean  capacity  C  due  to  weight  jitter  arising 
from  noisy  channel  estimates.  WEL  w  can  be  ob¬ 
tained  from  the  equation 

C{L  =  oo,p)^C{L,wp).  (11) 


The  capacity  (7(L,  p)  for  the  arbitrary  TSL  L  is 
given  by  (8).  The  substitution  of  wp  instead  of  p 
must  be  done  in  this  formula.  Then  we  must  substitute 
TSL  L  =  cx)  into  (8).  A  closed  form  solution  for 
WEL  w  can  be  found  only  in  the  case  of  the  uniform 
power  allocation  between  eigenchannels  and  of  small 
channel  estimation  errors  when  the  variance 
al  «  1,  i.e.  pL  »  M.  As  a  result  we  have  that 
the  WEL  w  is  given  by: 


w  =  1  -|- 


{K  -  1)M 
KL 


(12) 


Thus  if  the  number  N  of  transmit  antennas  is  in¬ 
creased  then  the  TSL  L  at  each  antenna  must  be  in¬ 
creased  proportionally  to  M  to  prevent  the  WEL 
increasing. 

The  WEL  w  versus  SNR  p  for  the  different  TSL  L 
and  for  MIMO  system  with  M  =  4 ,  N  —  2  in 
Rayleigh  fading  channel  are  shown  on  Fig.  5. 
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Fig.  2.  Theoretical  and  simulation  results  for  the 
eigenchannel  gains  versus  the  variance  crjj . 


Fig.  3.  Theoretical  and  simulation  results  for  the 
eigenchannel  crosstalk  gains  versus  the 
variance  . 


Fig.  4.  Mean  capacity  for  MIMO  system  with 
M  =  4 ,  N  ^2  when  TSL  1  =  1,  100 . 
Solid  and  dotted  curves  correspond  to  theo¬ 
retical  and  simulation  results,  respectively. 


.6  •  -4  -2  0  2  4  6  8  10 

SNR  (dB) 

Fig.  5.  WEL  versus  SNR  for  MIMO  system  with 
M  —  4  ,  N  =  2  and  for  the  different  TSLs. 


5.  Conclusions 

The  effects  of  non-ideal  channel  estimation  in  MIMO 
wireless  communications  systems  using  the  parallel 
spatial  decoupled  eigenchannels  are  investigated  in 
this  paper.  The  imperfect  channel  estimation  leads  to 
errors  of  the  eigenvectors  of  both  the  transmit  and 
receive  beamformers.  Therefore  the  orthogonality  of 
the  eigenchannels  is  destroyed  and  the  crosstalk  be¬ 
tween  eigenchannels  appears.  Analytical  approximate 
formulas  have  been  derived  for  the  mean  eigenchan¬ 
nel  and  crosstalk  gains  and  for  the  mean  Shannon 
capacity  in  the  general  case  of  the  arbitrary  transmit 
and  receive  antennas  numbers,  SNR  and  TSL.  These 
formulas  give  the  results  that  are  matched  very  well 
with  the  Monte  Carlo  simulations.  The  obtained  re¬ 
sults  show  that  when  the  number  M  of  transmit  an¬ 
tennas  is  increased  then  the  TSL  L  at  each  antenna 
must  be  increased  proportionally  to  M  to  prevent  the 
WEL  increasing.  WEL  depends  weakly  on  the  receive 
antennas  number  N . 
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Abstract 

Active  Noise  Cancellation  algorithms  (ANC)  based  on  modification  of  filtered-x 
least  mean  squares  (FxLMS)  and  flltered-x  recursive  least  squares  (FxRLS)  algo¬ 
rithms  are  proposed,  which  are  a  direct  consequence  of  using  an  orthogonal  transform 
for  decomposing  the  filter  input  into  a  number  of  finite  and  mutually  near  orthogonal 
signal  components.  The  most  important  advantage  of  this  approach  is  that  it  admits 
processing  schemes  in  which  each  signal  component  can  be  independently  processed. 
Computer  simulation  results  are  given  to  show  the  desirable  features  of  proposed 
schemes. 


1.  Introduction 

Unwanted  acoustic  noise  is  a  problem  that  becomes 
more  and  more  important  as  the  applications  of  elec¬ 
tronic  communication  systems  increase,  because  their 
effects  represent  an  important  source  of  annoyances 
for  the  end  user  and  they  may  considerably  reduce  the 
efficiency,  the  quality  and  the  reliability  of  this  type 
of  systems.  Active  noise  cancellation  (ANC)  is  an 
attractive  alternative  to  noise  reduction  in  which  a 
secondary  noise  source  that  destructively  interferes 
with  the  unwanted  noise  is  introduced. 

Because  the  characteristics  of  the  acoustic  noise  source 
and  the  environment  are  time  varying,  the  frequency  con¬ 
tent,  amplitude,  phase,  and  sound  velocity  of  the  undesir¬ 
able  noise  are  non-stationaiy,  the  ANC  system  must  be 
adaptive  in  order  to  cope  with  these  variations.  On  the 
other  hand,  in  real  time  signal  processing,  a  significant 
amount  of  computational  effort  can  be  saved  if  the  input 
signals  are  represented  in  terms  of  a  set  of  orthogonal  sig¬ 
nal  components.  Taking  this  fact  into  account,  this  paper 
proposes  a  parallel  form  adaptive  noise  cancellation  algo¬ 
rithm  using  a  single  sensor,  in  which  the  input  signal  is 
split  into  a  set  of  approximately  orthogonal  signal  compo¬ 
nents  by  using  the  discrete  cosine  transform.  Subse¬ 
quently  these  signal  components  are  feed  into  a  bank  of 
adaptive  transversal  filters  (FIR-ADF)  whose  parameters 
are  independently  updated  to  minimize  a  common  error. 
The  proposed  scheme  can  be  considered  as  an  alternative 
form  of  the  filtered-x  least  mean  square  and  filtered-x  re¬ 
cursive  least  square  algorithms  that  allow  to  improve  their 
performance,  either  by  increasing  their  convergence  rate 
or  reducing  the  operations  number  necessary  to  obtain  the 
optimal  adaptive  filter  output. 


2.  Adaptive  ANC  ALGORITHMS 

A  widely  used  adaptive  algorithm  in  active  noise  can¬ 
cellation  is  the  filtered-x  least  mean  square  (FXLMS), 
which  is  motivated  by  the  simple  noise  cancelling 
system  shown  in  Fig.  1. 

First,  if  we  consider  the  LMS  algorithm  as  the  adapta¬ 
tion  method  for  W(2),  the  introduction  of  a  secondary- 
path  transfer  function  into  the  noise  controller  will  gen¬ 
erally  cause  instability  [1].  This  is  because  the  error  sig¬ 
nal  is  not  correctly  “aligned”  in  time  with  the  reference 
signal,  due  to  the  presence  of  S{z) .  There  are  a  number 
of  possible  schemes  that  can  be  used  to  compensate  for 
the  effect  of  8(2;) .  The  first  solution  is  to  place  an  in¬ 
verse  filter,  ys{z) ,  in  cascade  with  8(2:)  to  remove  its 

effect.  The  second  solution  is  to  place  a  filter,  whose 
impulse  response  is  an  estimation  of  8(2:) ,  in  the  refer¬ 
ence  signal  path  used  by  either  the  LMS  or  RLS  algo¬ 
rithms  to  update  the  coefficients  vector  of  W(z) .  These 
approaches  result  in  the  so-called  filtered-x  LMS 
(FXLMS)  or  filtered-x  RLS  (FXRLS)  algorithms. 


Fig.  1.  Simplified  active  noise  cancellation  system. 
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Fig.  2.  Block  diagram  of  FXLMS  and  FXRLS  ac¬ 
tive  noise  cancel  algorithms. 


Fig.  3.  Proposed  structure  of  adaptive  filtering 
structure  based  on  subband  decomposition. 

Because  an  inverse  does  not  necessarily  exist  for 
8(2),  the  FXLMS  and  FXRLS  algorithms,  whose 
block  diagram  is  shown  in  Fig.  2,  are  generally  the 
most  effective  approaches. 


Pen)  =  -  1)  -  K(n)X'<n)P(n  -  1)]  (5) 

A 


K(n)  = 


_ P(n  —  l)X*cn) _ 

A-fX'^(n)P(n  —  l)X'(n) 


e{n)  is  the  output  error  given  by  eq.  (2),  X\n)  is 
given  by  eq.  (3),  A  is  a  “forgetting  factor”  that  en¬ 
ables  RLS-type  algorithms  to  track  the  statistics  of  the 
input  signal  (filtered-reference  signal  in  this  case)  if  it 
is  time-varying. 


3.  Proposed  Structure 

Consider  the  transfer  function  W{z)  of  an  TVN  order 
transversal  filter  structure  which  is  given  by 

H{z)=e\z-^\  (9) 

»=o 

which  by  using  a  subband  decomposition  approach 
can  be  represented  in  terms  of  M  parallel  subfilter 
bank  as  shown  in  Fig.  3 
Its  output  signal  is  given  by 

(10) 

r=0 

where 

w,.  =  [w,.(0,n),w,.(l,n),w,.(2,n),...,ty,.(2,L  -  1)]  ^ 

(11) 

X,.(n)  =  \x,.{n),x,.{n  -  M),...,x,{n  -  (i  -  1)M)]  ’’’ 

(12) 

Xr  =  2cos(^^)x,.  (n  -  l,r)  -  x,.  (n  -  2,r)  - 
-x{n  -  iV”)  +  a;[n](-l)'’ } , 


2.1.  FXLMS  Algorithm 

When  the  LMS  algorithm  is  used  to  update  the  coeffi¬ 
cients  vector  of  W<2;),  shown  in  Fig.  4,  Wen)  is 
given  by 

Wen)  =  W(n  -  1)  +  /eX\n)e(n).  (1) 

where 

e{n)  =  d<n)- W^<n)X*<n)  (2) 

is  the  output  error,  n  is  the  time  index, 

X*<n)  =  5<n)*X<n).  (3) 

s(n)  is  the  impulse  response  of  secondary  path  and  * 
denotes  the  linear  convolution 

2.2.  FXRLS  ALGORITHM 

When  the  filtered-x  RLS  algorithm  is  used  to  update 
the  adaptive  filter  coefficients  vector.  Wen)  at  time 
instant  n  is  given  by 

Wen)  =  W(n  -  1)  -h  /iKen)een) ,  (4) 

where  is  the  convergence  factor 


3,1.  Modified  Filtered-X  LMS  Algorithm 
(MFXLMS) 

When  a  LMS-like  adaptive  algorithm  is  used,  the 
adaptive  filter  coefficient  vectors  is  updated  as  fol¬ 
lows 

W,,(n)  =  (14) 

where  e(n)  is  the  output  error  given  by 

eeny  =  d{n)  -  [*E'wJX,(n)j  *  s(n).  (15) 

Taking  the  derivative  of  (15)  with  respect  to  W,. 
from  eq.  (12)  it  follows  that 

W,(n)  =  W,(n  -  1)  -h  /3,e{n)X\{n) ,  (16) 

where,  assuming  that  the  DCT  components  are  near 
orthogonal  among  them, 
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MSE(dB) 


Fig.  4.  Convergence  performance  of  proposed 
MFXRLS  algorithm. 

MSE(dB) 


Fig,  5.  Convergence  performance  of  proposed 
MFXLMS  algorithm. 


a  rank  equal  to  L .  Then,  under  this  assumption  the 
proposed  adaptive  filter  coefficients  becomes 

Wj.  cn)  =  W^(n  “■  1)  +  fjKj.  (n)e(n) ,  (20) 

where 


R,.  ^(n)  =  P,.  (n)  =  (l/A^  x 

x[P,.  (n  —  1)  <n)X'  (n)P,.  (n  “  1)], 


(21) 


K;,  <n) 


P,.  (n  —  l)Xy.  '(n) 

A  +  Xr  (n)Pr  (n  —  1)X,.  'cn) 


(22) 


and  X'(n)  is  given  by  eqs.  (12)  and  (13).  The  modi¬ 
fied  FXRLS  algorithm  allows  to  reduce  the  computa¬ 
tional  cost  associated  with  its  conventional  fi*om  about 
2M'^I?  +  ML  multiplications  per  sampling  period  to 
+  2L)  +  6M  .  Thus,  keeping  L  constant  the 
computational  complexity  becomes  linear  instead  of 
quadratic  as  in  the  conventional  FXRLS  algorithm. 


4.  Computer  Simulations  Results 

Fig.  4  shows  the  convergence  performance  of  pro¬ 
posed  MFXRLS  algorithm  when  it  is  required  to  can¬ 
cel  an  actual  bell  noise,  where  the  convergence 
performance  of  conventional  FXRLS  algorithm  is 
shown  for  comparison.  The  figure  displays  that  the 
proposed  algorithm  provides  the  convergence  per¬ 
formance  similar  to  the  conventional  FXRLS  algo¬ 
rithm  with  much  less  computational  cost. 

Figure  5  shows  the  convergence  performance  of 
proposed  MFXLMS  when  it  is  required  to  cancel  an 
actual  bell  sound,  where  the  convergence  performance 
of  conventional  FXLMS  algorithm  is  shown  for  com¬ 
parison.  Simulation  results  show  that  proposed  algo¬ 
rithm  improves  the  performance  of  conventional 
algorithm  with  a  similar  computational  complexity. 


X,.(n)  =  [x^{n),x,.{n  -  M),...,a;,.(n  -{L-  1)M)) 

(18) 

0  <  Q  <  2  ,  and 

Xr{n)  —  s{n)  *  x{n) .  (19) 

These  equations  allow  to  implement  filtered-x 
LMS  algorithm  with  band-partitioning  in  order  to 
improve  the  convergence  performance  of  the  conver¬ 
gence  performance  of  the  filtered-x  LMS. 

3 .2.  Modified  Filtered-X  RLS  Algorithm 
(MFXRLS) 

The  FXRLS  algorithm  used  to  update  the  filter  coeffi¬ 
cients  is  a  modified  form  of  the  filtered-x  recursive 
least  square  (FXRLS)  algorithm  derived  by  assuming 
that  the  DCT  coefficients  of  input  signal  are  fully 
decorrelated.  Under  this  assumption  each  sparse  FIR 
filter  can  be  updated  independently,  and  then  the 
N  X  N  autocorrelation  matrix  of  the  parallel  form 
FXRLS  algorithm,  R(n),  can  be  replaced  by  a 
N  X  N  block  diagonal  matrix,  where  each  block  has 


5,  Conclusions 

In  this  paper,  there  have  been  proposed  alternative 
structures  for  the  filtered-x  LMS  and  the  filtered-x 
RLS  algorithms  based  on  subband  decomposition  in 
which  the  input  signals  are  split  into  M  near  orthogo¬ 
nal  signal  components  using  the  discrete  cosine  trans¬ 
form.  This  approach  allows  a  reduction  of  the 
computational  complexity  of  conventional  FXRLS 
algorithm,  while  keeping  similar  convergence  per¬ 
formance.  When  an  LMS-like  algorithm  is  used,  the 
proposed  structure  also  allows  improving  the  conver¬ 
gence  performance  of  the  noise  cancellation  system, 
because  it  is  possible  to  optimize  the  convergence 
factor  at  each  subband.  Besides,  the  correlation  be¬ 
tween  consecutive  taps  at  each  subband  becomes 
weakened,  the  sparse  factor  increases. 

Acknowledgements 

The  authors  thank  for  the  support  of  the  National 
Council  of  Science  and  Technology  (CONACYT)  to 
the  investigation  that  gives  origin  to  this  paper. 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  339 


Daniel  Tapia -Sanche^Rogelio  fietamente  Hlo,  fcfor  Pere^Ieana  and  Matiko  Mtano-Miyatake 


References 

1.  Sen  M.  Kuo  and  Dennis  R.  Morgan,  “Active  noise 
control:  A  tutorial  review”,  Proceedings  of  the 
IEEE,  Vol.  87,  No.  6,  June  1999. 

2.  B.  Widrow  et  ai,  “Adaptive  noise  canceling:  Prin¬ 
ciples  and  its  applications”,  Proc.  IEEE,  vol.  63, 
pp.  1692-1716,  Dec.  1975. 

3.  J.  Makhoul,  “Linear  Prediction:  A  tutorial  re¬ 
view”,  Proc.  IEEE,  vol.  63  pp.  561-580,  Apr. 
1975. 

4.  L  Griffiths,  “Rapid  measurement  of  digital  instan¬ 
taneous  frequency”,  IEEE  Trans.  Acoust.,  Speech, 
Signal  Processing,  vol.  ASSP-23,  pp.  209-222, 
Apr.  1975 

5.  B.  Widrow,  “Adaptive  filters”,  in  Aspects  of  Net¬ 
work  and  System  Theory,  R.  Kalman  and  N.  De- 
Claris,  Eds.  New  York:  Holt,  Rinehart,  and 
Winston,  1971,  pp.  563-587. 

6.  E.R.  Ferrara,  “Fast  implementation  of  LMS  adap¬ 
tive  filters”,  IEEE  Trans.  Acoust.,  Speech,  Signal 
Processing,  vol.  ASSP-28,  pp.  474-475,  Aug. 
1980. 

7.  S.  Haykin,  “Adaptive  Filter  Theory”,  Prentice 
Hall,  Englewood  Cliffs  NJ,  1991. 

8.  H.  Perez  Meana  and  S.  Tsujii,  “A  System  Identifi¬ 
cation  Using  Orthogonal  Functions”,  IEEE  Trans, 
on  Signal  Processing,  vol.  39,  No,  3,  March  1991. 


9.  S.  Shankar  Narayan,  A.  Peterson,  and  J.  Nara- 
simha,  “Transform  domain  LMS  Algorithm”, 
IEEE  Trans.  Acoust.,  Speech,  Signal  Processing, 
vol,  ASSP-3 1 ,  no.3,  pp.  609-6 1 5,  June  1983. 

10.  H.  Perez-Meana,  M.  Nakano-Miyatake,  L.  Nino- 
de-Rivera,  “Adaptive  Filtering  Based  on  Subband 
Decomposition”,  Proceedings  of  The  International 
Workshop  of  Mathematical  Modeling  of  Physical 
Processes  in  Homogeneous  Media”,  pp.  14-16, 
Guanajuato,  Mex,  March.  2001 . 

11.  Daniel  Tapia  Sanchez,  H.  Perez  Meana  y  Mariko 
Nakano  Miyatake,  “Filtrado  Adaptable  usando  la 
Transformacion  Coseno  Discreta”.  12®.  Congreso 
Intemacional  de  Electrdnica  y  Comunicaciones 
(CONIELECOMP’2002).  Acapulco,  Gro.  Mex¬ 
ico. 

12.  Daniel  Tapia  Sanchez,  H.  Perez  Meana  y  Mariko 
Nakano  Miyatake,  “A  Fast  Parallel  Form  Filtered- 
X  LMS  for  Active  Noise  Control”.  2th.  Interna¬ 
tional  Workshop  on  Control,  Virtual  Instrument 
and  Digital  Systems  (CIClNDr2002).  Pachuca, 
Hgo.  Mexico. 

13.  Daniel  Tapia  Sanchez,  H.  Perez  Meana  y  Mariko 
Nakano  Miyatake,  “A  scheme  for  Active  Noise 
Control  based  on  Filtered-x  RLS  algorithm”.  2-th 
International  Workshop  on  Random  Fields  Model¬ 
ling  and  Processing  in  Inhomogeneous  Media 
(RFMPIM’2002).  Guanajuato,  Gto.  Mexico. 


340  International  Conference  on  Antenna  Theor}'  and  Techniques,  9-1 2  September,  2003,  Sevastopol,  Ukraine 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp.  341-344 


DECISION  FEEDBACK  EQUALIZERS  FOR  HIGH 
SPEED  DATA  COMMUNICATIONS 

Edith  Gonzalez  Lee,  Jos^  Ambrosio  Bastian, 

Mariko  Nakano  Miyatake,  Hector  P^rez  Meana 


Seccion  de  Estudios  de  Posgrado  e  Investigacion 
Escuela  Superior  de  Ingenieria  Mecdnica  Electrica,  Unidad  Culhuacan. 
Av.  Santa  Ana  N°  1000,  Col.  San  Francisco  Culhuacan,  04430  Mexico,  D.F. 
Tel  ./Fax:  56562058  <hmpm@prodigy.net.mx> 


Abstract 

This  work  shows  the  performance  of  different  Decision  Feedback  Equalizers 
(DFEs)  for  high  speed  data  transmission  over  a  telephone  line.  The  analyzed  struc¬ 
tures  are:  the  Interference  Intersymbol-predictive  Decision  Feedback  Equalizer  (ISI- 
DFE),  the  Decision  Feedback  Equalizer  with  Noise  Predictor  (  NP-DFE  )  and  the 
Hybrid-type  DFE  (  H-DFE  ). 


1.  Introduction 

Digital  information  over  a  communications  cannel  is 
distorted  mainly  by  the  Intersymbol  Interference  (ISI). 
In  practical  communications  systems  designed  to  al¬ 
low  high  speed  of  transmission  over  band  limited 
channels,  the  knowledge  of  frequency  response  of  the 
channel  is  not  enough  to  design  a  fixed  demodulator 
(time-invariant)  in  order  to  reduce  the  ISI,  as  a  conse¬ 
quence,  an  adaptive  filter  approach  (equalizer)  must  to 
be  used  [1,2,4].  Adaptive  filters  and  adaptive  signal 
processing  algorithms  are  called  adaptive  equalizers 
and  adaptive  equalization  algorithms,  respectively. 
The  purpose  of  both  adaptive  equalizers  and  adaptive 
equalization  algorithms  is  to  achieve  an  enhancement 
on  the  received  signal.  So,  an  equalizer  is  a  filter  used 
to  compensate  the  non-ideal  frequency  response  of  a 
communications  channel  [1,3]. 

2.  Telephone  Channel 
Characteristics 

The  ISI  is  caused  by  non-ideal  characteristics  of  fre¬ 
quency  response  of  the  communications  channels. 
Fig.  1  shows  the  frequency  response  characteristics  of 
a  telephone  channel  of  medium  range.  It  can  be  seen 
that  it  is  not  a  flat  response  on  the  entire  frequency 
range,  and  hence,  there  is  a  distortion  in  the  amplitude 
and  delay  as  well  [1][4]. 

3.  Discrete  Channel  Models 

Fig.  2  shows  the  discrete  channel  models  for  some 
communication  channels;  channel  1  represents  the 
discrete  channel  model  for  a  telephonic  channel  of 
‘good  quality’,  channel  2  is  the  discrete  channel 


model  that  is  affected  by  ISI  and  channel  3  is  a  chan¬ 
nel  that  is  affected  by  ISI  in  higher  degree[l][3]. 


Fig.  1.  Characteristics  of  Amplitude  and  Average  Delay 
of  a  Telephone  Channel  of  Medium  Range  . 

Channel  1  Channels 


Fig.  2.  Coefficients  for  the  Discrete  Channels  Models. 
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Fig.  3.  Decision  Feedback  Equalizer  (DFE). 


Fig.  5.  Noise-predictive  DFE  (NP-DFE). 


4.  Decision  Feedback  Equalizer  (DFE) 

The  decision  feedback  equalizer  (DFE),  shown  in  the 
Fig.  3,  consists  of  two  sections,  a  feedforward  section 
and  feedback  section.  The  feedforward  section  is 
identical  to  previous  linear  transversal  equalizer  with 
N  -  \  taps.  The  feedback  section,  on  the  other  hand, 
is  also  a  transversal  equalizer  with  N  —  2  taps  whose 
function  is  to  remove  the  intersymbol  interference 
portion  due  to  the  previously  detected  symbols  [1]. 
The  output  is  given  in  [1, 5]: 

-  A/j 

h-d  =  h-d-j ,  (1) 

i=n  j=i 


where  h  is  an  estimate  of  the  k~t\\  information 

symbol;  are  previously  detected  sym¬ 

bols;  aj  are  tap  weight  coefficients  of  the  feedfor¬ 
ward  section;  are  tap  weight  coefficients  of  the 
feedback  section;  d  is  a  delay;  Xf^.  is  the  input  se¬ 
quence  at  instant  k  -th. 


5,  Analyzed  DFE  Structures 


Figs  4,  5  and  6  show  the  analyzed  DFE  structures: 
ISI-predictive  DFE  (ISI-DFE),  noise-predictive  (NP- 
DFE)  and  hybrid-type  (H-DFE )  [6]. 

All  the  filters  are  adapted  by  NLMS  (Normalized 
Least  Mean  Squares)  algorithm  equation  [5]: 


aj{n  +  1)  -  Qj{n)  +  e{n)x{n) ,  (2) 

|A(n)| 

where:  ^  is  a  convergence  factor  0  <  //  <  1 ;  are 


tap  weight  coefficients  of  the  corresponding  section; 
x{n)  is  the  input  sequence  at  instant  n  -esimo;  e{n) 
is  the  error  signal. 


6.  Adaptive  Echo  Cancellation  Using 
A  Finite  Impulse  Response  (FIR)  at 
THE  User’s  Terminal  and  the 
Station 

Fig.  7  shows  a  block  diagram  for  the  connections  of  a 
user  to  the  local  station,  the  2  to  4  wires  conversion  is 
made  by  the  hybrid,  since  this  device  is  not  perfectly 
balanced,  there  are  several  possible  paths  for  the  sig¬ 
nal  that  flows  from  the  user  to  the  local  station.  The 
model  shown  in  Fig.7  is  used  to  evaluate  the  perform¬ 
ance  of  the  three  structures  of  Decision  Feedback 
Equalizers,  the  ISI-DFE, NP-DFE  and  H-DFE,  consid¬ 
ering  the  cancellation  of  an  additional  voice  signal  from 
transmitter  2  (T2),  since  the  objective  is  to  recover  the 
signal  transmitted  by  T1  at  R1 . 

The  three  structures  were  evaluated  considering  2 
possibilities: 
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Fig.  7.  Adaptive  Echo  Cancellation  Model.  There: 
Tl,  Rl:  Transmiter  and  Receiver  at  the 
User’s  Place.  T2,  R2:  Transmiter  and  Re¬ 
ceiver  at  the  Local  Station’s  Place. 
EC:  Adaptive  Echo  Canceller.  H:  Hibrid. 


Fig.  8.  ISI-DFE  with  Adaptive  Echo  Cancellation 
Model. 


Fig.  9.  NP-DFE  with  Adaptive  Echo  Cancellation 
Model. 


Fig.  10.  H-DFE  with  Adaptive  Echo  Cancellation 
Model. 


First  proposal:  Echo  canceller  is  adapted  independ¬ 
ently  to  the  DFE  equalizer. 


Table.  1.  Comparison  of  erroneous  bits 


Thus,  the  received  sequence  is  distorted  by  a  signal 
generated  by  the  second  transmitter  (voice  signal),  so, 
the  echo  is  reduced  by  placing  the  canceller  before  the 
equalization  process,  and  the  filters  are  adapted  inde¬ 
pendently  among  them  as  shown  in  Figs  8,  9,  and  10. 

Simulation  results  with  additive  noise  at  the  output 
of  the  channel  block  and  a  voice  signal  at  the  second 
transmitter  are  shown  in  Table  1 . 

The  total  number  of  samples  used  to  obtain  the  re¬ 
sults  is  20000,  with  3000  samples  only  considered  for 
training  and  the  second  channel  was  employee. 
Second  Proposal:  The  Echo  canceller  and  the  DFE 
equalizer  are  adapted  simultaneously. 

Thus,  the  received  sequence  is  distorted  by  the  sig¬ 
nal  generated  by  the  second  transmitter,  thus,  the  echo 
effect  is  reduced  by  placing  the  echo  canceller  in  the 
middle  of  the  equalizer’s  structure,  then,  the  adapta¬ 
tion  process  is  accomplished  simultaneously  as  shown 
in  figures  12, 13,  and  14. 

Simulation  results  under  the  same  previous  consid¬ 
erations  are  shown  in  table  2. 


Fig.  11.  Error  Rate  Performance. 
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Fig.  12.  ISI-DFE  with  Adaptive  Echo  Cancellation 
Model. 

m ^ 


I  Noise  1 
^redictwrTTsi. 


Fig.  13.  NP-DFE  with  Adaptive  Echo  Cancellation 
Model. 
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Fig.  14.  H-DFE  with  Adaptive  Echo  Cancellation 
Model. 


7.  Conclusions 

The  computer  simulation  show  that  the  both  structures 
NP-DFE  and  H-DFE  provides  a  little  better  performance 
than  conventional  ISI-DFE  under  distortion  conditions  of 
ISI  and  a  colored  signal  such  as  a  voice  signal  at  the  re¬ 
ceiver,  generated  it  for  own  transmitter,  due  to  that  the  NP- 
DFE  structure  doesn't  propagate  a  symbol  not  well  de¬ 
tected  to  the  output  (fe^back)  as  the  ISI-DFE  structure. 
The  H-DFE  is  a  structure  that  combines  the  characteristics 
of  DFE-ISI  and  DFE-NP  (ISI  reduction  and  noise  reduc¬ 
tion).  According  to  the  results  is  better  to  adapt  simultane¬ 
ously  the  echo  canceller  and  the  equalizer. 


Table.  2.  Comparison  of  erroneous  bits. 


1  ERRONEOUS  BITS  I 

S/N 

DFE-ISI 

DFE-NP 

DFE-H 

1 

2998 

3617 

3808 

1.2 

2582 

3177 

3243 

1.4 

2240 

2463 

2616 

1.6 

1961 

1977 

2088 

1.8 

1636 

1526 

1742 

2 

1307 

1233 

1315 

2.2 

1076 

903 

961 

2.4 

856 

757 

711 

2.6 

608 

531 

637 

2.8 

489 

370 

448 

3 

383 

311 

298 

3.2 

275 

231 

225 

3.4 

253 

173 

226 

3.6 

221 

140 

171 

3.8 

193 

115 

15! 

4 

189 

93 

132 

4.2 

179 

92 

107 

4.4 

170 

81 

103 

4.6 

154 

74 

97 

4.8 

14! 

77 

99 
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Abstract 

The  principle  of  operation  of  the  interference  canceller  with  the  gradient  method 
of  the  weighing  coefficients  estimation  is  considered.  Experimental  data  obtained 
from  investigations  of  the  breadboard  model  are  given. 


1.  Introduction 

The  modulation  algorithms  of  adaptive  multi-channel 
signal  processing  at  the  conditions  of  external  inter¬ 
ference  are  known  for  a  long  time  [1,2].  These  per¬ 
tain  to  the  gradient  algorithms,  and  their  main 
distinction  from  the  other  algorithms  for  similar  pur¬ 
pose  is  the  possibility  to  simplify  essentially  the 
hardware  (to  reduce  number  of  parallel  channels  of 
reception)  at  the  expense  of  modulation  of  weighting 
summation  coefficients.  If  weighing  summation  (in¬ 
terference  cancellation)  is  realized  at  the  carrier  fre¬ 
quency,  the  mentioned  positive  property  becomes 
especially  appreciable.  In  this  case  it  is  not  necessary 
to  apply  the  additional  receiving  channels  with  reduc¬ 
ing  frequency  converters  in  circuits  of  correlation 
feedback  of  interference  canceller  [3]. 


Among  numerous  works  devoted  to  practical  reali¬ 
zation  of  cancellers  the  modulation-type  devices  are 
not  represented.  The  aim  of  this  work  is  the  acquaint¬ 
ance  with  one  of  the  versions  of  practical  realization 
of  a  multi-channel  canceller  with  the  modulation 
method  of  weighing  coefficients  estimation,  realized 
on  the  modern  analog  and  digital  elements. 

2.  The  Scheme  and  the  Principle  of 
Operation  of  the  Canceller  with 
THE  Modulation  Method  of 
Adaptive  Adjustment 

The  simplified  scheme  of  the  interference  canceller  is 
shown  in  Fig.  1. 

There  are  the  main  receiving  antenna  "‘0”  and  N 
additional  antennas  in  the  canceller.  Complex  enve- 


Fig.  1.  The  simplified  scheme  of  the  interference  canceller 
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lopes  of  received  oscillations  we’ll  designate  accord¬ 
ingly  yo(t)  and  vector  Y(t),  The  weighing  summa¬ 
tion  is  carried  out  at  the  carrier  frequency  with  the 
vector  coefficient  W .  One  receiving  channel  with  a 
reducing  frequency  converter,  an  amplifier  and  band¬ 
pass  filter  at  an  intermediate  frequency  is  included  in 
the  output  of  the  adder.  The  square-law  detector 
(SLD),  low-pass  filter  (LPF)  and  the  elements,  dotted- 
line  enclosed,  pertain  to  devices  of  weighing  coeffi¬ 
cients  estimation. 

The  weighing  regulators  and  all  the  elements  put  in 
after  the  low-pass  filter  perform  the  operations  with 
complex  oscillations,  i.e.  consist  of  two  quadrature 
channels.  For  the  sake  of  simplicity  in  the  scheme,  the 
feedback  only  for  one  quadrature  component  of  each 
channel  is  shown. 

The  weighing  coefficients  W  ( O  represent  the  dif¬ 
ference 

W(f)  =  aM{t)  -  K(0,  (1) 

where  K(0  are  slowly  changing  coefficients,  which 
cause  the  interference  cancellation  at  the  summation, 
M{t)  is  the  vector  of  modulating  voltages 
mi  ( i ) « . .  ( O ,  ct  is  a  constant  coefficient 

(q  <  1),  which  influences  the  convergence  rate,  as 
will  be  pointed  out  farther. 

The  modulating  functions  m^(t)  (i  =  1 ...  AT )  are 
mutually  orthogonal  and  should  not  change  power  of 
accepted  oscillations.  It  is  possible,  for  example,  to 
use  as  these  functions  the  processes  with  phase  ma¬ 
nipulation  m,  ( f )  =  exp [j<Pi(t)]y  where  phase 
can  take  only  two  values  0  and  tt  ,  so  that  the 
functions  also  are  mutually  orthogonal. 

In  the  output  of  the  adder,  the  oscillation  consists 
of  two  components 

y^(t)  =  {yAt)-K*(t)^Y(t))  + 

+  a.  M*(0  •¥(«)=  (2) 

=  Z,(0  +  Zm(0 

The  asterisk  means  transposition  and  complex  conju¬ 
gation.  The  first  summand  Zq  (O  pertains  to  the  use¬ 
ful  component  for  further  processing  (detection, 
parameter  measurement),  and  it  is  the  result  of  inter¬ 
ference  cancellation.  The  second  summand  Zm  (O  is 
the  sum  of  the  modulated  oscillations  received  by  the 
additional  antenna.  The  square-law  detector  in  the 
output,  except  for  square  of  summands  (2),  contains 
also  results  of  their  multiplication,  which  is  used  far¬ 
ther  on  for  weighing  coefficients  estimation  K  .  De¬ 
modulators  (DM)  and  the  integrators  (FNT)  allow 
selecting  necessary  component  for  generation  of 
weighing  coefficients  K  . 

Let's  take  into  account  that  the  ratios  for  the  aver¬ 
age  values  of  uncorrelated  processes  Y(t)  and 
M(0  hold  true 


<lZo,A/(Of  •M«)>=0,v,  ^3^ 

<  M(<)*  •  M(<)  >=  E 

Here  Ojv  is  zero  vector  of  size  N ,  E  \s  the  identity 
matrix.  Then  average  value  of  signals  in  the  outputs  of 
the  integrators  is  possible  to  present  as 

K=<Z,(0-Zji/*(f)-M(f)>= 

=  aj  <Zo(t)-Y*{t)> 

which  coincides  with  the  similar  ratios  for  the  cancel¬ 
lers  constructed  on  the  traditional  scheme  [4].  Here  y 
is  a  transmission  coefficient  of  circuit  from  an  output 
of  the  adder  up  to  outputs  of  the  integrators.  For  an 
approximation  of  weights  K  to  the  optimal  values  it 
is  necessary  to  ensure  a7  >  1  [4]. 

The  interference  power  in  the  output  of  the  adder  in 
a  stationary  condition  is  equal  to 

=<  \ZQ{t)f  >  -f  <  \Z^f  (t)f  >— 

:=  Pq  +  P^j 

The  second  summand  Pm  caused  by  presence  of  the 
sum  of  the  modulated  component  and  equals 

Pm  =  a%,  (Pn  -<  Y(0*  •  Y«)  >).  (6) 

makes  a  hindering  influence  for  further  processing. 
Selecting  coefficient  a  to  be  small  (for  preservation  of 
condition  a7  >  1 ),  it  is  possible  to  make  the  sum¬ 
mands  in  (5)  close  to  each  other.  Other  way  is  most 
expedient  in  order  to  eliminate  the  influence  of  modu¬ 
lated  component  Zj^fit)  It  is  to  divide  in  time  the 
stages  of  adjustment  of  weights  K(t)  and  the  further 
processing.  For  example,  as  applied  to  the  pulse  radar, 
the  adjustment  of  weights  (a  ^  0 )  is  possible  to  real¬ 
ize  at  the  end  of  sounding  period  (at  the  non-working 
parts  of  the  distance),  then  to  fix  obtained  weights  and 
to  use  them  at  a  =  0  for  interference  cancellation  for 
the  operational  range  of  distances. 

3.  The  Experimental  Breadboard 
Model  and  Its  Performances 

The  breadboard  model  of  the  modulation  canceller 
was  created  on  the  basis  of  the  scheme  of  the  Fig.  1 . 
The  weight  summation  was  carried  out  at  the  fre¬ 
quency  /o  =  150  MHz.  The  number  of  channels  of 
cancellation  is  equal  to  2.  The  weighting  regulators 
are  made  using  Afl835.  The  intermediate  frequency  of 
the  receiving  channel  is  equal  to  =  24  MHz,  and 

the  passband  of  its  linear  part  A/  =  2.5  MHz.  The 
passband  of  the  low-pass  filter  in  the  output  of  the 
square-law  detector  had  the  value 
Afi^PF  =1.2  MHz.  The  dotted-line  enclosed  block 
of  elements  is  realized  on  basis  of  programmed  logic 
arrays  such  as  Xilinx.  Therefore  after  the  low-pass 
filter  the  AD  8-digit  converter  is  installed. 

The  program  for  fulfillment  of  all  operations  on 
calculation  of  the  weighting  coefficients,  generation 
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of  modulating  voltages,  integrations  etc  is  developed. 
Outputs  of  the  digital  part  were  completed  by  the  reg¬ 
isters  of  memory  for  a  storage  of  weighting  coeffi¬ 
cients  and  by  the  AD  converters.  The  integrators  are 
low-pass  filters  with  a  band  Af  =  1  kHz. 

The  test  of  efficiency  of  the  breadboard  model  of 
the  canceller  with  a  modulation  method  of  weighting 
summation  coefficients  was  conducted  in  the  labora¬ 
tory  conditions.  The  generator  of  a  harmonic  signal 
and  generator  of  a  noise  were  used  as  interference 
sources.  The  generator  of  a  harmonic  signal  with  fre¬ 
quency  tuning  in  a  passband  was  applied  both  to  pre¬ 
liminary  adjustment  of  the  canceller,  and  for  the 
estimation  of  limiting  coefficient  of  interference  sup¬ 
pression  in  the  dynamic  range  of  stability.  Since  there 
is  no  influence  of  such  factors  as  a  non-identity  of 
frequency  characteristics  and  electrical  lengths  of 
channels  at  that.  The  maximal  coefficient  of  cancella¬ 
tion  of  a  harmonic  interference  after  recording  of  the 
weighting  coefficients  and  eliminating  of  the  modula¬ 
tion  was  about  50  dB.  In  case  of  noise  interference  at 
the  same  conditions  the  cancellation  was  32  dB.  As 
modulating  functions  were  used  phase-shift  keyed 
oscillations  under  the  periodic  law 

=  explpiit)]  (7) 

where  v'iit)  represented  impulses  as  meander  with 
frequencies  fi  and  /2  =  2/i .  These  magnitudes  do 
influence  the  choice  of  pass-bands  of  the  receiving 
channel  up  to  the  detector  A/  >  4/i  -{-  A and  low- 
pass  filter  Afipp  >  2/i  -h  A/„ .  ( A/„  is  breadth  of 
interference  spectrum).  At  A/i  >  Af^  the  conver¬ 
gence  rate  is  differed  a  little  from  the  cancellers  con¬ 
structed  on  the  traditional  scheme. 

The  experiment  was  conducted  at  various  frequen¬ 
cies  of  the  modulating  functions 
(/i  =  60... 500  kHz).  In  case  of  a  violation  of  the 
above  condition  ( A/i  >  A/„  ),  the  delay  of  transients 
was  observed,  as  then  the  spectrum  of  the  modulated 
and  not  modulated  component  of  interference  were 
overlapped  and  the  estimation  of  a  gradient  had  be¬ 
come  less  precise. 

It  is  established  during  the  experiment  that  it  is  al¬ 
lowed  to  select  such  a  that  the  power  of  the  residuals 
of  interference  at  the  output  Pq  is  commensurable 


with  the  power  of  modulated  component  at  the 
condition  of  the  preservation  =  const  >  1 .  The 
further  decrease  of  magnitude  a  would  result  in  vio¬ 
lation  of  efficiency  of  the  canceller.  As  it  should  be 
expected,  the  modification  of  the  coefficient  aj  did 
vary  the  processing  speed  of  the  canceller.  The  choice 
of  this  magnitude  influences  also  the  level  of  fluctua¬ 
tion  of  the  weighing  coefficients  in  the  steady  mode, 
which  is  intrinsic  to  all  types  of  the  canceller  with  a 
feedback. 

4,  Conclusion 

The  presented  experimental  breadboard  model  of  the 
modulation-type  canceller  can  practically  be  used  to 
protect  the  radio  engineering  means  from  masking 
jamming  when  any  possibility  for  the  signals  branch- 
ing-off  in  the  carrier  frequency  tract  for  the  weighing 
coefficients  estimation  is  excluded  because  of  specific 
construction  of  the  antenna  system.  The  best  perform¬ 
ance  is  to  be  expected  in  the  narrow-band  interference 
case,  whose  spectrum's  breadth  does  not  exceed  that 
one  of  the  modulating  functions.  The  interference 
cancellation  on  the  carrier  frequency  of  the  canceller 
with  modulation  of  the  weighing  coefficients  permits 
a  considerable  reduction  as  to  the  hardware  costs. 
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Abstract 

Modal  mismatch  effects  on  the  output  SNR  of  linear  and  quadratic  array  proces¬ 
sors  under  the  conditions  of  multimode  propagation  in  a  waveguide  are  presented. 
The  modal  mismatch  is  modelled  by  the  distortion  in  the  sound  spceed  profile,  which 
leads  to  unaccurate  estimation  of  modal  shapes  at  the  array  input.  Numerical  results 
are  presented  for  the  case  of  16-element  vertical  array  receiving  the  multimode  signal 
in  the  background  of  spatially-whitc  and  modal  noise.  The  channel  of  signal  propaga¬ 
tion  is  simulated  for  typical  shallow-water  environments  from  the  Barents  sea  and  the 
source  frequency  of  300  Hz.  The  scenarios  when  modal  mismatch  induces  consider¬ 
able  array  SNR  loss  are  demonstrated.  It  is  shown  that  the  key  factors  of  mismatch 
effects  are  the  spatial  modal  resolution  of  the  signal-canydng  modes  and  intermodal 
phase  shifts. 

Keywords:  array  signal  processing,  modal  mismatch,  linear  and  quadratic  processors, 
signal-to-noise  ratio,  signal  coherence 


1.  Introduction 

Recent  developments  of  the  array  signal  processing 
have  been  stimulated  by  the  research  and  applied  in¬ 
terest  to  the  problems  of  the  signal  detection  and  es¬ 
timation  in  random-inhomogeneous  multimode 
waveguides  with  linear  arrays.  The  most  actuality  of 
these  problems  was  found  with  application  to  low- 
frequency  underwater  sound.  As  is  well  known,  un¬ 
derwater  sound  channels  allow  long-range  propaga¬ 
tion  of  acoustic  signals  in  the  ocean.  This  leads  to  the 
two  specific  features  of  the  array  processing.  The  first 
is  multimode  spreading  of  the  signal  spatial  spectrum 
even  for  a  point  source.  The  second,  the  loss  of  the 
signal  coherence  in  space  which  results  from  multiple 
signal  scattering  by  random  inhomogeneities  of  the 
channel.  The  both  features  are  critical  factors  of  the 
large-array  beamforming  and  gain  [1,2].  It  is  known 
from  a  general  theory  that  optimization  of  the  array 
processing  of  perfectly  coherent  signals  (with  a  regu¬ 
lar  wave  front)  is  achieved  among  linear  processing 
techniques  and  results  in  a  weight  summation  of  the 
array  inputs  in  the  array  output.  A  more  complicated 
scheme,  quadratic  array  processing  is  optimal  under 
the  conditions  of  signal  coherence  degradation  and  is 
expressed  in  a  weight  summation  of  quadratic  (by 
power)  outputs  of  partial  spatial  filters,  or  beamform- 
ers  [1-3].  The  number  of  the  partial  beamformers  is 
easily  estimated  by  the  ratio  of  array  size  to  the  signal 
coherence  length. 


In  the  both  cases,  both  in  the  linear  and  quadratic 
processing  schemes,  mismatch  problem  is  considered 
as  one  of  the  key  issues  of  optimal  array  performance 
analysis.  The  appearance  of  mismatch  in  estimation  of 
the  signal  shape  (amplitude  and  phase  distribution 
along  the  array)  is  an  intrinsic  feature  of  array  opera¬ 
tion  in  complex  media  that  makes  the  array  processor 
to  decline  from  the  optimal  one.  Thus,  mismatch  in 
the  input  signal  field  leads  to  decreasing  of  the  output 
SNR  and  array  gain.  In  the  most  of  the  literature  dedi¬ 
cated  to  mismatch  problem  for  the  arrays  in  multi- 
mode  channels,  the  perfectly  coherent  signals  and, 
therefore,  linear  beamforming  processors,  or  so  called 
matched-field  beamformers,  are  considered  [4]. 

This  article  is  focused  on  the  study  of  the  optimal 
array  processors,  both  linear  and  quadratic  ones,  in  the 
presence  of  modal  mismatch,  or  mismatch  in  the  sig¬ 
nal  modal  shapes.  Mismatch  effects  on  the  output 
SNR  of  linear  and  quadratic  array  processors  are  ex- 
aminated  and  compared.  Numerical  results  are  pre¬ 
sented  for  the  case  of  multimode  signal  in  the 
background  of  spatial ly-white  and  modal  noise,  which 
is  simulated  for  typical  shallow-water  environments 
from  the  Barents  sea  and  vertical  array.  The  most  at¬ 
tention  is  paid  to  the  scenarios  when  modal  mismatch 
induces  a  considerable  array  SNR  loss. 

2.  Basic  Formulations 

Signal  and  noise  fields  in  a  multimode  waveguide  can 
both  be  expressed  as  a  superposition  of  the  discrete 
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spectrum  normal  modes.  The  signal  s  and  additive 
noise  background  n  have  following  vector  represen¬ 
tation  at  the  array  input: 

M  M 

S  =  =  “0  +  f>m^m  (1) 

111=1  111=1 

where  u„,(r,z)  =  K,(ri,2i),«,„(r2,22)v,«.i,(rjv,zjv)y 
is  the  mAh  modal  shape  vector  (modal  vector)  at  the 
array  input  (the  superscript  denotes  transpose); 

are  coefficients  of  signal  s  decomposi¬ 
tion  by  mode  vectors  ,  also  called  signal  modal 
amplitudes;  similarly,  the  noise  mo¬ 

dal  amplitudes;  M  is  a  total  number  of  the  discrete 
spectrum  modes;  Hq  is  the  vector  of  non-modal  noise 
which  includes  nearest  noise  sources  and  the  array 
elements  noise.  We  suppose  in  the  further  analysis, 
that  s  and  n  are  random  and  statistically  independ¬ 
ent  vectors,  n  is  a  Gaussian  vector,  and  uq  is  a  spa¬ 
tially- white  noise. 

We  define  here  the  output  SNR  as  the  deflection 
ratio  in  the  array  processor  output  [1-3]: 

q  =  <  +  n)  -  P(n)  >  ^2) 

[<  P^n)  >-<  P(n)  >2]^ 

The  expression  (2)  is  also  known  as  a  detection  index 
or  generalized  SNR.  It  is  known  that  maximum  of  the 
SNR  (2)  leads  to  (i)  the  small-signal  asymptotic  of  the 
optimal  processor  from  the  maximum  likelihood  crite¬ 
rion  and  (ii)  to  the  same  optimal  processor  as  it  fol¬ 
lows  from  maximum  of  the  ratio  of  the  output  signal 
power  to  the  noise  one  in  a  particular  case  of  coherent 
signal. 

When  the  signal  is  a  coherent  superposition  of  mo¬ 
dal  shapes,  the  optimal  array  processor  is  achieved  by 
the  known  equation  for  the  array  weight  vector: 

^opf  =  RuU*  (3) 

where  R„u  =<  n*ii^  >  is  a  spatial  covariance  ma- 
trix  of  the  noise  field  (superscript  denotes  conju¬ 
gation).  When  the  signal  is  a  partially  coherent  modal 
superposition,  arising  from  random  modal  amplitudes 
in  Eq.  (1),  the  optimal  signal  processor  is  achieved  by 
the  array  weight  matrix  from  the  following  equation: 

=  R-}R,,R„'„  (4) 

where  R,^.  — <  s*s^  >  is  the  signal  covariance  matrix 
and  the  index  denotes  conjugate  transpose.  Equa¬ 
tion  (4)  was  exploited  for  the  recent  study  of  large- 

array  beamformers  under  the  conditions  of  coherence- 
degraded  signals  in  various  environments  [1-3]. 

As  it  follows  from  Eqs.  (3,  4)  the  optimal  array 
processing  requires  o  priori  known  or  measured  am¬ 
plitude  and  phase  shapes  and  covariance  matrixes  of 
the  signal  and  noise.  Mismatch  arises  when  the  typical 
fluctuation  time  of  the  input  shapes  is  less  than  typical 
time  required  for  their  estimation  and  processor  opti¬ 
mization  or  when  the  reference  signal  shape  differs 
from  the  real  one.  The  problem  above  was  widely 


formulated  in  literature  as  the  mismatch  problem;  the 
term  “mismatch”  can  relate  either  to  the  channel  pa¬ 
rameters  estimation  or  to  the  array  weight  coefficients 
forming.  In  scope  of  the  model  (1)  one  of  the  mis¬ 
match  scenario  is  modal  mismatch  which  is  caused  by 
the  errors  in  the  modal  structure  estimation  at  the  ar¬ 
ray  input.  In  short,  this  mismatch  appears  as  a  result 
of  an  inaccurate  estimation  of  the  modal  vectors  for 
the  signal-carrying  modes.  Another  type  of  mismatch 
scenario  within  the  framework  of  a  basic  model  (1)  is 
an  inaccurate  estimation  of  the  signal  modal  ampli¬ 
tudes,  which  was  studied  by  many  authors  (see,  for 
example,  [5]). 

We  define  the  modal  mismatch  by  the  following 
model: 

Uj  =  Uj  -h  i  —  1, 2, ...  5  Af 

Let  the  relative  mismatch  value  to  be  defined  for  a 
single  m  -th  mode  by: 


The  value  that  shows  mismatch  effects  on  the  array 
performance  is  defined  as  the  ratio  of  the  output  SNR 
in  the  presence  of  mismatch  to  the  output  SNR  of 
fully  optimal  processor  [6]: 


^  _  Qrnismatck 

Qopt 


(6) 


where  the  SNR  q  is  determined  from  Eq.  (2). 

Preliminary  analytical  results  based  on  Eqs.  (5), (6) 
were  obtained  from  the  mismatch  study  in  the  frame¬ 
work  of  two-mode  signal  model  (M  =  2)  [6].  It  was 
shown  that  mismatch  leads  to  the  array  gain  loss  with 
increasing  of  relative  value  (5)  in  the  case  of  both 
coherent  and  partially  coherent  signal.  Specific  value 
of  p  is  dependent  on  the  set  of  parameters.  The  most 
critical  ones  are  the  spatial  mode  resolution  by  the 
array  (modal  orthogonality),  the  intermodal  phase 
shift,  and  the  modal  SNR.  Also  it  was  shown  that 
mismatch  effects  reduces  with  decreasing  of  the  mode 
amplitudes  correlation.  The  SNR  loss  becomes  less 
with  mutual  mode  correlations  decreasing  for  the  sig¬ 
nals  with  similar  modal  SNR  and  doesn’t  depend  on 
mutual  mode  phases. 

Some  numerical  results  which  show  the  output 
SNR  loss  in  the  presence  of  modal  mismatch  are  pre¬ 
sented  below. 


3.  Numerical  Simulations 

For  numerical  simulations,  we  assume  some  typical 
shallow-water  environments  from  the  Barents  sea. 
The  accurate  and  mismatched  sound-speed  profiles 
are  drawn  on  Fig.  1  by  solid  and  dot  lines,  respec¬ 
tively.  The  vertical  equidistant  array  consists  of  16 
half-wavelength  elements.  The  simulation  parameters 
are  the  following:  the  total  channel  depth  is  of  120  m; 
the  source  frequency  is  of  300  Hz;  M=  30.  The  modal 
shapes  are  calculated  both  for  the  accurate  and  dis- 
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Fig.  1.  Sound-speed  profiles  for  the  accurate  (solid) 
and  mismatched  (dots)  estimations 


Fig.  2.  Relative  mismatch  values  (5) 


Fig.  3.  Mismatch-induced  SNR  loss  of  linear 
processor 


Computations  of  the  relative  mismatch  value  ^  (5) 
for  the  three  different  source  depths  in  a  waveguide 
and  for  the  three  depths  of  the  first  array  element 
(zi  =  5,35,75  m)  reveal  that  mismatch  is  essential 
only  for  the  first  ten  modes.  Figure  2  shows  the  modal 
distribution  cm)  for  the  array  arranged  at  the  mid¬ 
dle  part  of  channel  (zi  —  35  m). 

3.1.  Coherent  Signal  (Correlated  modes) 
For  the  near-surface  array  (zi  =  5  m)  mismatch  ef¬ 
fects  become  noticeable  when  the  source  excites  low- 
order  modes  in  which  the  relative  mismatch  values  (5) 
are  the  most  significant.  It  is  important  to  note  that 
low-order  modes  are  not  orthogonal  at  the  array  input. 
But  low-order  modes  have  small  modal  SNRs  since 
its  projections  on  the  near-surface  array  are  practically 
negligible,  so  the  output  SNR  is  slightly  decreased 
(for  about  two  times). 

For  the  array  centered  in  the  channel  (^^  =  35  m) 
significant  mismatch  appears  in  the  first  ten  modes 
(see  Fig.  2).  The  dependence  of  p  on  the  source  dis¬ 
tance  is  shown  in  Fig.  3  for  the  three  different  depths 
of  the  source.  The  particular  case  of  dramatic  mis¬ 
match-induced  SNR  degradation  is  illustrated  here.  A 
group  of  modes  (starting  from  5-th)  with  strong  mis¬ 
match  are  partially  orthogonal  and  have  the  biggest 
modal  SNRs.  Clearly,  the  mismatch  leads  in  this  case 
to  essential  suppression  of  the  desired  signal.  It  can  be 
compared  with  array  beamforming  in  a  free  space 
when  beampattem  is  deflected  from  direction-of- 
arrival  of  the  plane-wave  signal,  and  the  signal  moves 
to  the  side  lobes  or  even  null  of  the  beam  pattern. 

This  case  confirms  earlier  resume  formulated  from 
the  two-mode  analysis  [6]:  the  output  SNR  loss  de¬ 
pends  on  the  mode  spatial  resolution  and  mode 
phases.  We  also  emzphasize  that  considerable  SNR 
degradation  takes  place  for  the  small  SNR  values  at 
the  array  input. 

For  the  near-bottom  arranged  array  (zi  =  75  m) 
mismatch  effects  are  weak  because  most  intensive 
modes  are  practically  orthogonal  at  the  array  input. 
Output  SNR  loss  is  caused  by  large  relative  mismatch 
values  (5)  in  first  five  modes. 


torted  profiles,  and  the  values  (5)  are  estimated  for 
each  mode. 

For  the  modal  noise  covariances  we  take  the  model 
of  surface-generated  noise  [7]: 


r  T>  1  ^  ^  0 ^  ^  /  \/n\ 


where  is  the  intensity  of  spatially-white  noise, 

is  a  modal  wavenumber,  and  //  is  a  depth  of  the  water 
channel.  We  note  that  high-order  modes  in  the  noise 
spectrum  appear  to  be  the  most  intensive  modes  due 
to  their  excitation  by  the  surface  sources.  Therefore, 
optimal  filter  is  adjusted  to  receive  low-order  modes 
(about  1 5  modes)  in  the  absence  of  mismatch. 


3.2.  Partially  COHERENT  Signal 
(Uncorrelated  Modes) 

To  simulate  the  partially  coherent  signal  at  the  array 
input  the  following  exponential  model  of  the  cross- 
modal  correlations  was  used  [2]: 

*  I  II  I  f  I  ^  ~  ^  II 

<  Q'nAt  >=  km  \Wn  |expl  -  ^ - - - I 

where  A  is  the  scale  of  cross-modal  correlations. 
Numerical  results  for  p  were  obtained  for  three  val¬ 
ues  of  this  scale:  A  =  0,3,10 .  We  note  here  that  this 
model  does  not  include  “residual”  intermodal  phase 
shifts  so  there  is  no  any  influence  of  the  source  range 
on  the  array  SNR. 
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Table.  1.  Mismatch-induced  SNR  loss  for  the 
quadratic  array  processor. 

A=0 

A  =3 

A  =10 

/i=40  m 

0.78 

0.71 

0.54 

h=lQ  m 

0.97 

0.98 

0,94 

/i=90  m 

0.97 

0.94 

0.76 

Table  1  shows  the  dependence  p(A)  for  the  mid¬ 
dle-depth  array  {zi  =  35  m)  and  three  various  depths 
of  the  source. 

In  comparison  with  the  optimal  linear  processing  of 
the  coherent  signal,  in  this  case  mismatch  effects  de¬ 
creases,  and  the  output  SNR  loss  depends  only  on  the 
relative  mismatch  values.  For  example,  for  the  near¬ 
bottom  and  near-surface  arrays  the  loss  doesn’t  ex¬ 
ceed  10  %  for  the  all  scales  A  .  For  the  middle-depth 
array  the  output  SNR  loss  achieves  up  to  50  %  that 
corresponds  to  the  largest  values  (5).  With  increasing 
of  the  cross-modal  correlation  scale  the  influence  of 
the  mismatch  increases  because  the  signal  becomes 
more  coherent.  But  the  loss  level  remains  relatively 
small  because  the  modal  phase  shifts  are  neglected. 

Thus,  optimal  array  processing  of  the  partially  co¬ 
herent  signal  is  essentially  more  robust  to  the  modal 
mismatch  as  compared  to  the  case  of  coherent  signal. 
We  note,  however,  that  the  coherence- induced  SNR 
loss  in  this  case  is  significant  even  for  the  optimal 
processor  so  the  total  effect  of  the  signal  coherence 
degradation  leads  to  the  rather  poor  SNR  perform¬ 
ance. 

4.  Conclusion 

In  this  paper,  we  analyzed  optimal  array  processing  of 
the  multimode  signal  against  the  modal  noise  back¬ 
ground  in  the  presence  of  mismatch  in  modal  shapes 
estimation.  Numerical  results  were  presented  for  the 
vertical  array  in  shallow-water  environments  fi*om  the 
Barents  sea. 

Specific  effects  of  modal  mismatch  on  optimal  lin¬ 
ear  and  quadratic  array  processors  were  demonstrated. 
It  was  shown  that  the  key  factors  of  mismatch  effects 
are  the  spatial  modal  resolution  of  the  signal -carrying 
modes  and  intermodal  phase  shifts.  They  are  essen¬ 
tially  significant  for  the  case  of  coherent  signal  when 
the  signal  modes  are  well  correlated.  This  case  corre¬ 
sponds  to  relatively  short  distances  in  random  chan¬ 
nels.  Contrary,  optimal  quadratic  processing  of 
partially  coherent  signals  consisting  of  the  uncorre¬ 
lated  modes  is  much  more  robust  to  the  mismatch 
effects.  In  this  case,  the  output  SNR  loss  has  a  weak 


dependence  on  the  source  range  due  to  random  phase 
shifts  of  the  signal  modes. 

Therefore,  modal  mismatch  should  be  taken  into 
account  when  the  optimal  array  processors  are  evalu¬ 
ated  for  the  practical  sonar  systems  operating  in  the 
underwater  sound  channels.  Some  special  efforts  can 
be  considered  with  the  aim  to  minimize  the  mismatch 
effects  especially  for  linear  beamformers.  For  exam¬ 
ple,  as  it  follows  from  the  results  obtained,  one  of  the 
recommendations  is  to  arrange  the  vertical  array  ele¬ 
ments  in  a  channel  in  such  a  way  that  to  resolve  (to 
make  orthogonal)  the  modes  with  the  largest  SNRs 
and  in  any  case  to  minimize  the  values  (6)  for  the  sig¬ 
nal-carrying  modes. 
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Abstract 

It  is  shown  that  the  scanning  radar  antenna  is  an  instrument  of  a  selection  of  ech¬ 
oes  from  target  with  intended  range  and  an  instrument  of  a  suppression  of  intensive 
close  clutter.  The  obtained  result  is  useful  to  a  case  of  a  continuous  or  quasi- 
continuous  transmitted  signal. 

Keywords:  Space-time  processing,  resolution,  selection,  clutter,  antenna,  array. 


1.  Introduction 

Continuous  or  quasi-continuous  radar  radiation  is  an 
effective  way  to  improve  a  time  (Doppler)  selection  of 
moving  targets  in  clutter  [1].  However,  here  an  ability 
to  receive  weak  useful  signals  from  maximally  distant 
targets  is  hampered  by  intense  clutter  originating  at  a 
close  range.  In  this  case  it  would  be  tempting  to  per¬ 
form  a  clutter  suppression  by  a  spatial  processing  of 
signals  (by  a  receiving  antenna).  This  suppression  is 
impossible  without  a  spatial  resolution  of  radar  echoes 
originating  at  different  distances.  The  known  theory  [2] 
does  not  mention  about  using  of  similar  resolution  in 
monostatic  systems  and  suggests  the  widening  of  the 
antenna  aperture  and  the  narrowing  of  the  antenna  pat¬ 
tern  (AP)  as  the  only  way  of  the  spatial  suppression  of 
clutter.  However,  these  recipes  ignore  scanning.  Some 
results  of  the  development  of  the  mentioned  theory 
with  the  scanning  are  presented  below.  In  particular, 
new  capabilities  of  a  radar  echo  resolution  and  selec¬ 
tion  of  continuous  or  quasi-continuous  signals  on  clut¬ 
ter  background  are  described. 

2.  The  Spatial  Attenuation  of  the 
Clutter 

We  will  consider  a  linear  antenna  system,  rotating 
around  its  center  at  a  fixed  rate  ft  rad/sec  in  the  scan¬ 
ning  plane  {a,R),  where  a  is  the  angular  coordinate 
(azimuth),  R  is  the  radial  coordinate  (range)  meas¬ 
ured  from  the  center  of  the  rotation.  The  zeros  of  the 
time  t  and  angle  q  are  taken  so  that  the  value  fit  of 
this  angle  defines  the  normal  to  the  receiving  antenna. 
For  such  a  system  the  criterion  of  the  spatial-distance 
resolution  (the  generalized  Woodward  constant  [3])  is 
determined  by  the  formula  [4]: 

6  =  An-^n-^  e„fi-\  (i) 


where  6^^,  «  ATl'^  is  the  width  of  the  receiving  AP  in 
the  scanning  plane,  A  is  the  operating  wavelength,  n 
is  the  aperture  antenna. 

According  to  the  expression  (1)  the  spatial-distance 
resolution  is  improved  not  only  with  the  increasing  of 
the  antenna  aperture  or  with  the  narrowing  of  the  AP 
(this  is  accustomed  for  a  spatial  resolution)  but  also 
with  the  increasing  of  the  scanning  rate. 

We  consider  (see  above)  the  continuous  or  quasi- 
continuous  radar  radiation  and  the  problem  of  the  se¬ 
lection  of  the  signal  on  a  clutter  background.  More¬ 
over,  according  to  the  peculiarity  of  the  problem,  the 
signal  and  a  clutter  are  reflected  at  different  distances. 
Namely  the  signal  originates  at  the  range  R, ,  and  the 
clutter  originates  at  the  range  R  «  R,.  Conse¬ 
quently,  in  our  case  it  is  needed 

Sji  <  or  ^  <  t,  =  2/?.,yc.  (2) 

In  accordance  with  (1)  and  (2)  the  scanning  rate 
should  be  so  increased  that 

^  Sifjif  ^  ft  » 

where  the  relative  scanning  rate 

7  =  >  1 , 

In  other  words,  during  signal  delay  4  ,  the  antenna, 
its  transmitting  AP  and  receiving  AP,  rotate  through 
an  angle  Sbw  which  exceeds  the  width  6^,,  of  the  re¬ 
ceiving  AP  in  the  scanning  plane. 

The  obtained  results  and  their  use  for  the  solution  of 
the  discussed  problem  of  the  spatial  selection  of  the 
signals  on  a  clutter  background  with  continuous  and 
quasi-continuous  radiation  can  be  interpreted  in  the 
following  way.  Assume  that  an  antenna  system  has  the 
separate  transmitting  AP  (the  dashed  curve  in  Fig.  1) 
and  receiving  AP  (the  solid  curves  -  the  optimization 
result  with  conditions  indicated  below  in  the  Section  3). 
While  scanning,  the  main  lobes  of  these  APs  are  dis- 


0-7803-7881-4/03 /$17.00  ©2003  IEEE. 


The  Optimization  of  a  Signal  Processing  in  Radar  with  Scanning  Antenna  Array 


0 

-20 

-60 
-80 

-TljA  -77/8  0  77/8  77/^ 

B,  rad 

Fig.  1.  Transmitting  AP  and  receiving  AP 

placed  by  the  constant  angle  with  respect  to  each 
other.  Moreover,  the  scanning  rate  ft  is  so  high  that 
during  a  delay  of  the  signal  from  the  farthest  target 
every  scanning  AP  rotates  through  an  angle  which 
exceeds  the  AP  width.  However,  these  APs  have  not 
time  for  a  turn  between  moments  of  the  probing  and  of 
the  echo  reception  from  nearby  land  or  water  surfaces. 
Then  clutter  will  be  reached  at  angles  corresponding  to 
the  main  lobe  of  the  transmitting  AP  and,  consequently, 
to  sidelobes  of  the  receiving  AP,  Le.,  the  most  intense 
clutter  from  nearby  interfering  reflectors  will  be  attenu¬ 
ated  with  the  reception.  During  delay  of  the  useful  sig¬ 
nal  from  a  far  target  the  APs  rotate  so  that  the  signal  is 
received  by  the  main  lobe  of  the  receiving  AP.  This 
reception  will  lead  to  a  signal  gain. 

3.  The  Optimization  Efficiency  of  a 
Signal  Processing 

The  boundless  increasing  of  the  scanning  rate  (increas¬ 
ing  of  the  value  0  or  7 )  is  not  reasonable,  since  it 
leads  to  the  spectrum  broadening  of  the  radar  echoes, 
their  time  (Doppler)  resolution  degradation  and,  as  a 
consequence,  degradation  of  the  Doppler  selection  of 
moving  targets  on  a  clutter  background.  Therefore  it  is 
tempting  to  define  the  clutter  suppression  efficiency  in 
the  optimal  system  of  the  space-time  signal  processing. 
Assume  that  such  a  system  is  realized  on  an  array  base. 
Herewith  the  optimal  space-time  signal  processing  is 
defined  by  a  weight  vector  column  W ,  which  satisfies 
[5]  the  Wiener-Hopf  equation  and  its  solution  (the  so- 
called  Wiener’s  solution): 

HW  =  xS*, 

W  =  , 

where  x  is  an  arbitrary  complex  constant,  the 
NK  X  NK  noise  correlation  matrix 

Hflll  ^a\K 

Ha21  Hrt22  ^a2K 

•  •  .  •  j 

Ha/n  Ho^2  •••  ^aKK 


H  =  = 


the  TV  X  ^  block 

=£?{U*(t,)U'' (</)}, 

E{*}  denotes  the  statistical  expectation,  N  is  the 
element  quantity  of  the  linear  equidistant  antenna  ar¬ 
ray,  K  is  the  quantity  of  the  processed  signal  sam¬ 
ples,  kj  =  ,  the  space-time  noise  vector  column 

A:=l 

is  the  k  -th  column  of  the  unit  matrix  of  order 
K ,  the  symbol  denotes  the  Kronecker  multiplica¬ 
tion,  space  noise  vector 

u„  (4 )  =  II «1  (4  ),W2  (4  (4  )f 

^/i(4)  is  the  value  of  the  complex  envelope  of  the 
noise  (clutter  and  Intrinsic  noise)  in  the  n  -th  array 
element,  n  =  l,Ar,  the  used  presentation  of  the 
space-time  signal  vector  is 

S  =  ^  (8)  S  (  )  > 


Z  is  the  integer  part  of  the  number  {K  -f- 1 )  /  2 ,  with 

the  Doppler  shift  co  and  the  target  direction  a  the 
space  signal  vector 

s(<) = iisi(o>s2(o----,«jv(oir  = 

=  Gjo  {a  -  -  4)}^{a  - 

s„(f)  is  the  complex  envelope  of  the  signal  in  the 
n  -th  array  element,  a  complex  =  const , 
is  the  normalized  transmitting  AP  with  the  direction 
of  the  principal  maximum  e  =  e  =  a  -  is 
the  angle  measured  from  the  normal  to  the  receiving 
antenna  in  the  scanning  plane,  vector  column 

#{£}  =  ||v?i  V’iv  . 


TT  =  3.14...,  a  is  the  distance  between  neighboring 
elements.  For  the  indicated  notations  the  time  of  the 
signal  maximum 


In  our  case  the  space-time  correlation  noise  matrix 
H  cannot  be  represented  as  a  Kronecker  multiplica¬ 
tion  of  the  space  and  time  correlation  matrices  (even 
neglecting  the  intrinsic  noise  of  the  array  elements). 
Consequently,  even  with  the  assumption  of  a  space- 
time  narrowband  signal  it  is  not  possible  to  divide  the 
processing  routine  into  space  and  time  processing:  it 
is  necessary  to  combine  the  array  element  outputs  by 
means  of  the  using  of  different  Doppler  filters  in  the 
spatial  channels.  This  result  can  be  interpreted  by  dif¬ 
ferent  linear  velocities  of  the  array  elements  during 
array  rotation. 
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Fig.  1  (mentioned  above)  and  Fig.  2  show  numeri¬ 
cal  results  of  the  space-time  processing  analysis.  They 
are  obtained  with  using  of  the  brought  vector-matrix 
equations  for  a  real  noise  situation  and  such  system 
parameters: A  =  0.2  m,  7  =  3,  N  =  20, 

a  =  0.5A ,  the  clutter  level  in  each  element  equals  30 
dB  relatively  to  the  intrinsic  noise,  the  radar  maxi- 
mum-range  equals.  3  ■  10^*  m,  the  order  of  the  Doppler 
filter  equals  2  {K  =  3).  This  Doppler  filter  is  a 
transversal  filter,  which  there  is  in  the  each  space 
channel  of  the  array  and  accomplishes  the  optimal 
weighted  summation  of  the  signal  samples  equally 
spaced  in  time  by  100  ps  (transmitted  pulse  repetition 
period  with  quasi-continuous  radar  radiation).  The 
receiving  AP  (the  solid  curve  in  Fig.  1)  is  optimized 
for  the  indicated  conditions.  Fig.  1  shows  that  a  dip  is 
formed  in  the  receiving  AP  in  the  vicinity  of  the  value 
of  e  =  0 ,  corresponding  to  the  maximum  of  the 
transmitting  AP  and,  consequently,  to  the  arrival  di¬ 
rection  of  the  highest  intensity  clutter  from  the  close 
reflectors.  At  Fig.  2  the  signal-to-noise  improvement 
(compared  to  the  traditional  case  of  the  low-velocity 
scanning  when  7  <<  1 )  is  presented.  As  one  can  see 
(Fig.  2),  there  is  an  optimum  scanning  rate 
(7  «  2.7 ):  the  efficiency  of  the  space-time  process¬ 


ing  is  reduced  with  a  decrease  in  the  scanning  rate  due 
to  degraded  spatial  suppression  of  the  clutter  and  with 
an  increase  due  to  degraded  time  (Doppler)  suppres¬ 
sion.  With  7  «  2.7  the  signal-to-noise  improvement 
equals  12  dB. 

4.  Conclusions 

Thus,  the  spatial-distance  signal  resolution  and  the 
spatial-distance  signal  selection  are  improved  not  only 
by  the  increasing  of  the  antenna  aperture  or  by  the 
narrowing  of  the  AP  (this  is  a  well-known  recipe)  but 
also  by  the  increasing  of  the  scanning  rate.  In  this 
sense  the  increasing  of  the  scanning  rate  is  equivalent 
to  the  antenna  aperture  increasing  and  to  the  antenna 
pattern  narrowing. 

For  the  maximization  of  the  efficiency  of  the 
space-time  signal  processing  on  a  clutter  background 
not  only  the  antenna  system  parameters  and  the  pa¬ 
rameters  of  Doppler  filters  should  be  optimized  but 
also  the  scanning  rate  should  be  optimized. 
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Abstract 

The  space-time  processing  algorithm  for  bistatic  forward  scattering  radar  is  con¬ 
sidered,  which  is  based  on  application  of  antenna  arrays  with  beamforming  after  am¬ 
plitude  detection  in  receive  channels  of  non-directi onal  (slightly  directional) 
elements.  It  is  shown  that  ambiguity  of  measured  angles  of  arrival  can  be  easily 
worked  out.  Mathematical  modeling  results  are  obtained. 

Keywords',  bistatic  forward  scattering  radar,  antenna  array,  space-time  processing, 
beamforming,  amplitude  detection. 


1.  Introduction 

Bistatic  forward  scattering  radars  (BFSR)  provide  ef¬ 
fective  detection  and  coordinates  measurement  of  very 
small  radar  cross  section  (RCS)  targets  due  to  bistatic 
RCS  rises  (up  to  20.. 40  dB  in  relation  to  monostatic 
RCS)  in  narrow  region  close  to  the  base  line  between 
transmit  and  receive  positions  [1-3].  In  practice,  sys¬ 
tems  using  continuous  quasi-harmonic  probe  signal  are 
applied  [1-7].  Receive  position  location  signal  is  a  sum 
of  powerful  direct  transmitter  signal  and  target  return. 
As  a  result,  a  receive  antenna  input  signal  is  amplitude 
modulated,  and  modulation  frequency  is  determined  by 
the  target  return  Doppler  shift.  Therefore,  quasi¬ 
harmonic  Doppler  shift  frequency  signal  can  be  ob¬ 
tained  by  the  amplitude  detection. 

An  angle  of  arrival  of  a  target  return  can  be  measured 
by  the  way  of  forming  partial  beams.  It  can  be  realized, 
for  example,  with  reflector  antennae  [4].  The  significant 
disadvantage  of  this  technique  is  in  that  a  direct  transmit¬ 
ter  signal  level  in  each  channel  significantly  influence  on 
transfer  coefficients  of  receive  channels.  In  the  channel 
of  center  beam  (directed  to  the  transmitter),  high  level  of 
a  direct  signal  leads  to  the  channel  overload.  At  the  same 
time,  in  the  channels  of  side  beams,  a  level  of  direct  sig¬ 
nal  is  determined  by  their  radiation  pattern  side  lobes  and 
therefore,  it  is  random. 

This  disadvantage  can  be  eliminated  by  space-time 
processing  on  the  base  of  the  antenna  array  with  beam¬ 
forming  after  amplitude  detection  in  receive  channels 
of  non-directional  elements  [8].  Direct  signal  levels  are 
the  same  in  all  channels  and  do  not  influences  on  the 
channels  transfer  coefficients  relation.  Besides,  under 
conditions  of  the  powerful  direct  signal  presence,  am¬ 
plitude  detectors  perform  target  return  synchronous 
detection  with  quasi-harmonic  Doppler  shift  frequency 
signal  (real  envelope)  extraction,  what  provides  the 


latter  without  non-linear  distortions.  In  addition,  there 
is  no  need  in  transmission  of  the  transmitter  reference 
signal  to  the  receive  site  or  in  its  extraction  from  re¬ 
ceived  signals.  Due  to  this  circumstance,  technical  re¬ 
alization  of  the  system  is  considerably  simplified  as 
compared  with  that  of  systems  based  on  phased  antenna 
arrays  with  coherent  signal  processing  [8]. 

Nowadays  mostly  developed  radars  are  two- 
dimensional  forward  scattering  radars  that  determine 
moving  target  coordinates  in  horizontal  plane  by  meas¬ 
urements  of  target  return  Doppler  shift  and  azimuth  an¬ 
gle  [4-7].  Application  of  three-dimensional  forward 
scattering  radars  will  permit  improving  the  accuracy  of 
determination  of  target  coordinates.  This  can  be  achieved 
due  to  elimination  of  the  inherent  to  two-dimensional 
radar  systematic  measurement  errors.  Besides,  additional 
information  about  target  altitude  can  be  obtained. 

The  main  purpose  of  this  paper  is  to  propose  an  effec¬ 
tive  and  inexpensive  space-time  processing  (STP)  algo¬ 
rithm  for  three-dimensional  forward  scattering  radar  built 
on  basis  of  two  orthogonal  linear  equispaced  antenna 
arrays  with  beamforming  after  amplitude  detection  in 
receive  channels  of  non-directional  elements. 

2.  Space-Time  Processing  Algorithm 

A  functional  scheme  of  the  azimuth  antenna  array  STP 
algorithm  is  presented  in  Fig.  1.  The  STP  algorithm  of 
the  elevation  angle  antenna  array  is  ftilly  analogous.  In 
Fig.l  AD  means  amplitude  detectors,  RF  -  rejection 
filters,  ADC  ~  analog-to-digital  converters,  //),  d- 

Doppler  shift  and  azimuth  estimations. 

Equation  (1)  gives  the  value  of  n  -th  sample  of  the 
process  at  the  AD  output  in  receive  channel  of  i  -th 
azimuth  antenna  array  element  (or  i-th  azimuth 
channel,  briefly)  [8]: 
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Fig.  1.  STP  functional  scheme. 


Fig.  2.  Two-dimensional  space-time  spectrum. 


=  «0  +  cos{^£,[n]  + 

/  \ 

+i27r[(yA]sinQ[n]  +  v’o}  +  CiWi 

where  uq  is  the  constant  component  caused  by  the 
presence  of  direct  transmitter  signal,  ¥?/)[n]  is  the 
phase  delay  caused  by  the  target  return  Doppler  shift; 
%  and  ifo  are,  respectively,  the  amplitude  and  the 
random  initial  phase  of  quasi-harmonic  Doppler  fre¬ 
quency  signal  in  the  /-th  azimuth  channel; 

i27r(tyAjsiiiQ[n]  is  the  phase  shift  between  the  1-st 

and  Mh  element,  which  is  determined  by  the  target 
azimuth;  d  is  the  constant  array  spacing;  A  is  the 
transmitter  wavelength;  a  is  the  target  azimuth;  ^,  [n] 
is  the  /-th  channel  noise. 

A  phase  delay  between  elevation  angle  antenna  ar¬ 
ray  elements  /27r.^dyAjsmj0[n]  is  determined  by  the 
target  elevation  angle  P[n].  Besides,  the  elevation 
angle  antenna  array  (A A)  is  inclined  with  respect  to 
the  vertical  in  order  to  reduce  the  influence  of  ground 
surface  upon  AA  radiation  pattern.  Therefore,  the 
expression  for  signals  at  the  AD  output  in  /-th  eleva¬ 
tion  angle  channel  can  be  written  as 

=  -lio  +  %  cos{v?/,[n]  + 

d  (2) 

+z27r~[sin(/?[n]  +  A))  “  sin  A)  1  +  <^o}  +  CtW, 


where  angle  A)  <  0  corresponds  to  the  elevation  of 
antenna  array  normal  towards  the  azimuth  plane  by 
the  angle  |Aol- 

Rejection  filters  suppress  constant  component  uq 
arising  at  the  AD  output  as  a  result  of  the  direct  signal 
presence.  Application  of  analog  rejection  filters  in¬ 
cluded  before  ADC  (Fig.  1)  enables  to  reduce  ADC 
dynamic  range  requirements  as  compared  with  appli¬ 
cation  of  digital  rejection  filters. 

The  amplitude  distribution  over  antenna  array  aper¬ 
ture  at  each  instant  of  time  has  a  form  of  spatial  har¬ 
monics  [9]  whose  frequencies  are  determined  by 
azimuth  a  and  elevation  A  angles.  In  order  to  obtain 
a  result  of  unit  measurement  of  return  Doppler  shift 
and  angular  coordinates  of  the  target,  the  two- 
dimensional  Fourier  transform  (3)  over  two- 
dimensional  files  of  signal  samples  in  azimuth  and 
elevation  channels  is  to  be  performed 
L-lN-\ 

S{k,m)  =  X)  E 

t=0«=0  0) 

i^k  e  [0,L  -  1],  n,m  e  [0,Ar  -  1], 

where  i  is  the  channel  (azimuth  or  elevation)  umber, 
n  is  the  signal  sample  number  in  the  /-th  channel,  L 
is  the  number  of  antenna  array  elements,  N  is  the 
number  of  signal  samples  per  measurement  interval  in 
one  channel. 

Absolute  values  of  function  S{k,7n)  for  the  cases 
when  of  Doppler  shift  and  angle  (azimuth  or  eleva¬ 
tion)  have  the  same  and  different  signs  are  plotted  in 
Fig.  2  (graphs  1  and  2,  respectively).  Values  of  Dop¬ 
pler  shift  and  angle  can  be  estimated  by  coordinates  of 
function  (3)  maximum. 

The  need  in  concatenated  space-time  processing  is 
a  principal  feature  of  the  considered  system.  As  indi¬ 
cated  in  [8],  initial  phases  of  spatial  harmonics  fluctu¬ 
ate  with  Doppler  shift  frequency  when  target  moves 
along  its  trajectory.  Since  spatial  harmonics  after  am¬ 
plitude  detection  are  real,  the  fluctuations  of  spatial 
harmonics  lead  to  significant  fluctuations  of  spatial 
filters  response.  In  addition,  the  amplitude  spectrum 
of  real  spatial  harmonic  is  the  even  function  of  spatial 
frequency.  This  leads  to  the  ambiguity  with  respect  to 
angular  coordinate  sign.  Noted  circumstances  do  not 
permit  obtaining  instantaneous  angular  measurement 
independently  of  time  processing.  At  the  same  time, 
concatenated  space-time  processing  provides  averag¬ 
ing  of  spatial  spectrum  for  the  measurement  interval 
[8].  Due  to  this  fast,  the  fluctuations  of  spatial  filters 
responses  are  cancelled. 

Ambiguity  in  sign  of  obtained  azimuth  angle  a , 
which  can  be  easily  cancelled  in  the  process  of  target 
tracking  [8].  A  positive  Doppler  shift  corresponds  to 
the  target  movement  toward  the  base  line.  In  this  case, 
the  Doppler  shift  decreases.  A  negative  Doppler  shift 
corresponds  to  the  target  movement  away  from  the 
base  line.  In  this  case,  the  Doppler  shift  absolute  value 
increases.  Therefore,  when  measuring  during  target 
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A/,  Hz 


Fig.  3.  Doppler  shift  measurement  errors. 
Aa,  Ap,  cr„,  Op,  deg 


tracking  the  first  derivative  of  the  Doppler  shift  abso¬ 
lute  value,  it  is  possible  to  obtain  unambiguously  the 
Doppler  shift  sign.  If  the  elevation  angle  is  always 
positive,  the  algorithm  of  ambiguity  cancellation  is 
considerably  simplified,  for  in  this  case,  Doppler  shift 
sign  is  determined  unambiguously  for  one  measure¬ 
ment  interval  by  mutual  location  of  maxima  of  two- 
dimensional  DFT  in  elevation  angle  channels. 

3.  Performance  Analysis 

When  two-dimensional  DFT  in  azimuth  and  elevation 
channels  is  executed,  there  are  measured  Doppler  shift 
and  angle  (azimuth  or  elevation)  by  response  ampli¬ 
tudes  in  five  spatial-temporal  filters.  Filter  with 
maximum  response  amplitude  and  two  adjacent  filters 
in  both  Doppler  and  spatial  frequency  dimensions  are 
used.  At  the  spectral  analysis,  two-  dimensional 


space-time  weight  processing  is  performed  to  improve 
characteristics;  It  provides  both  suppression  of  side 
lobes  and  reduction  of  instrumental  errors  of  meas¬ 
urements.  Besides,  in  order  to  improve  an  accuracy  of 
angles  measurement  at  the  expense  of  the  increase  of 
the  spatial  filters  number,  files  of  the  data  obtained  at 
the  outputs  of  receive  channels  of  azimuth  and  eleva¬ 
tion  AAs  were  added  by  zeroes  [10]. 

Numerical  estimations  of  an  accuracy  of  Doppler 
shift  and  angles  measurements  are  obtained  with  the 
mathematical  modeling.  To  form  signal  samples  in 
azimuth  and  elevation  channels,  target  movement  at 
the  constant  altitude  of  1 000  m  was  simulated.  Re¬ 
ceive  channels  noise  at  the  two-dimensional  DFT  in¬ 
put  was  modeled  as  the  discrete  white  Gauss  noise. 

In  Fig.3,  estimations  of  Doppler  shift  measurement 
errors  versus  Doppler  shift  values  are  shown.  Thin  line 
indicates  an  estimation  of  error  Mean  A/  (caused  by 
the  presence  of  measurement  instrumental  error).  Thick 
line  shows  an  estimation  error  Root  Mean  Square 
(RMS)  aj  ofDoppler  shift  measurement. 

Fig.4  shows  estimations  of  angles  (solid  line  -  of  the 
azimuth  angle,  dotted  line  -  of  the  elevation  one)  meas¬ 
urement  errors  in  dependence  on  target  azimuth.  True 
elevation  angle  values  varied  from  about  3.5^  to  about 
4.5° .  Thin  line  represents  en*or  Mean  Aa  ,  Ap  estima¬ 
tions.  Thick  line  represents  angles  measurement  errors 
RMS  (7^ ,  ap  estimations.  One  can  see  that  azimuth  and 

elevation  angle  measurement  errors  have  close  statistics. 

Measurement  error  statistics  were  estimated  by  aver¬ 
aging  of  100  independent  experiment  results.  System 
parameters  were  assumed  to  have  the  following  values: 
the  distance  between  transmit  and  receive  positions 
(base)  6  =  40  km;  transmitter  wavelength  A  =  1  m; 
measurement  interval  T  =  1  s;  the  number  of  receive 
channel  signal  samples  per  measurement  interval  is 
N  =  2048  (corresponds  to  the  number  of  Doppler  fil¬ 
ters  with  bandwidth  of  1  Hz);  the  number  of  antenna 
array  (both  azimuth  and  elevation)  elements  T  =  16 ; 
array  spacing  d  =  0.7A  ;  the  number  of  spatial  filters 
formed  in  both  azimuth  and  elevation  angle  dimensions 
Af  =  32 .  Amplitude  detector  output  signal-to-noise 
ratio  was  assumed  to  be  equal  q  =  0.1 . 

Instrumental  errors  ofDoppler  shift  and  angular  coor¬ 
dinates  measurements  at  the  chosen  system  parameters 
(errors  Mean,  the  same)  do  not  exceed,  in  modulus,  val¬ 
ues  of  A/ =  0.1  Hz,  Aa  =  0.1°,  A/?  =  0.1° 
(Fig,  3,4).  The  specified  signal-to-noise  ratio  roughly 
corresponds  to  the  minimum  ratio  providing  the  absence 
of  abnormal  (huge)  measurement  errors.  Under  these 
conditions,  measurement  errors  of  RMS  are  about 
cTf  =  0.1. .0.2  Hz,  ^  ap  =  0.3. .0.5°  for  different 
targets  trajectories. 

A  certain  increase  of  measurement  errors  is  possi¬ 
ble  if  values  of  Doppler  shift  and  angles  are  close  to 
zero  (Fig.  3, 4).  It  is  caused  by  the  central-axis  sym¬ 
metry  of  two-dimensional  amplitude  spectrum  of  real 
two-dimensional  signal.  If  maxima  of  the  two- 
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forward  scattering  radar.  It  is  shown  that  the  proposed 
technique  provides  unambiguous  measurement  of 
target  return  angle  of  arrival  and  tracking  with  a  high 
accuracy.  The  results  of  mathematical  modeling  are 
presented.  Principal  advantages  of  the  discussed  STP 
algorithm  as  compared  with  conventional  forward 
scattering  radar  STP  approaches  are  discovered.  These 
advantages  make  the  considered  technique  attractive 
for  the  practice  implementation. 
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Fig.  5.  Tracking  results. 
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Abstract 

A  new  approach  is  considered  for  solving  the  problem  of  spatiotemporal  signal 
processing  in  adaptive  antenna  arrays  working  in  conditions  of  intensive  correlated 
noise  processes.  The  method  of  synthesis  of  robust  algorithms  is  based  on  the  game- 
theoretical  principle  of  searching  a  minimum  of  the  root-mean-square  error  that  charac¬ 
terizes  the  quality  of  received  estimations  of  existential  spectra.  The  signal  processing 
algorithms,  constructed  on  this  principle,  relate  to  the  class  of  minimax  algorithms  be¬ 
ing  invariant  with  respect  to  the  prior  uncertainty  concerning  noise  distribution. 

Keywords:  Adaptive  antenna  array,  algorithm,  robust  method,  minimax  rule, 
probability  density. 


1.  Introduction 

The  noise  depending  on  a  probing  signal  arises  in 
many  applied  radar  and  acoustic  problems.  Such  noise 
can  appear,  for  example,  because  of  the  multipath 
propagation  of  probing  signal  fluctuations  and  reflec¬ 
tions  from  local  objects  or  it  can  be  specially  caused 
for  counterradio  measures.  The  adaptive  antenna  ar¬ 
rays  [2]  used  in  radar  systems  with  existential  signal 
processing  algorithms  [2,3]  that  optimize  parameters 
of  radar  systems  in  conditions  of  the  Gaussian  or  any 
other  given  models  of  noise  distribution  at  the  pres¬ 
ence  of  correlated  noise  processes,  reduce  the  operat¬ 
ing  efficiency,  and  in  some  cases  are  unable  to  form 
an  acceptable  directional  pattern. 

This  dependence  of  properties  of  optimal  algo¬ 
rithms  of  existential  signal  processing  on  noise  char¬ 
acteristics  forces  the  developers  of  radar  systems  with 
adaptive  antenna  arrays  to  build  not  optimal  but  stable 
(robust)  algorithms  [1,  4-6]  having  the  high,  though 
yielding  to  optimal  algorithms,  efficiency  under 
nominal  conditions  and  the  acceptable  efficiency  in 
conditions  when  the  signal  and  noise  properties  can 
vary  within  the  limits  of  the  given  classes  of  possible 
characteristics. 


2.  Statement  of  the  Problem 

Let’s  consider  the  response  model  of  one  of  identical 
channels  of  the  M  -element  linear  antenna  array 

y{t)  =  S{t)^N{t),  (1) 

where  S{t),N{t)  are  random  processes  representing 
a  signal  and  noise. 


Let’s  designate  the  power  spectral  density  of  a  sig¬ 
nal  and  noise  as  .  If  the  path  pulse  characteris¬ 

tic  is  h{t)^  the  signal  evaluation  at  its  output  turns 
out  to  be  convoluted  realizations  (1)  with  the  follow¬ 
ing  pulse  characteristic 

S(t)  —  oof  h(t  —  T)yCT'>dr .  (2) 

The  quality  of  signal  evaluation  (2)  is  usually 
[3,  5,  6]  characterized  by  the  size  of  the  root-mean- 
square  error  that  is  determined  by  the  expression 

^-00 

+  |/r(a;)f  FjvCwjjdcj  =  e{Fs,Ff,,H) 


where  H  a  uj:>  is  the  Fourier  transform  of  h(t). 

If  the  functions  Fs  and  are  unknown  and  can 
assume  any  form  within  the  limits  of  classes  9  and 
3? ,  the  upper  boundary  of  possible  solutions  will  be 
determined  by 


sup 


{e(Fs.F^,Ho)},  (4) 


where  Hq  is  the  optimal  characteristic  of  the  path. 

Hence,  the  synthesis  of  the  robust  algorithm  means 
a  solution  of  the  problem  of  minimization  of  the  H 
degree  of  the  filter  efficiency  decrease  in  the  worst 
case,  namely  the  search  of  the  criterion  minimum 


min  sup 


U 


(Fs.Fr,,Ho)} 


We  shall  consider  the  algorithm  that  satisfies  the 
criterion  (5)  as  robust  with  respect  to  the  uncertainty 
classes  9, 3? . 
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3,  General  Approach  to  Solving  the 
Problem  of  the  Robust  Algorithm 
Synthesis 


If  to  assume  that  the  signal  and  noise  in  (1)  are  jointly 
stationary  (in  wide  sense)  random  processes,  their 
correlation  structure  is  completely  determined  by  the 
matrix  D  of  spectral  density 


Dew) 


Fg  Fgj\f  (uj) 

F/i/^  (ojy  Fpf 


(6) 


where  the  symbol  *  denotes  the  operation  of  complex 
conjugation,  and  the  bottom  indexes  SN^NS  mean 
the  cross-spectra  of  processes  Sit),N(t). 

In  case  of  obtaining  a  signal  evaluation  at  the  an¬ 
tenna  element  output  in  conformity  with  (2),  we  can 
immediately  write  down  the  expression  for  the  root- 
mean-square  error: 

cx 

=  ^  f  [|l-F(u;)pFs(w)  + 

-oc 

-2H(cj)F^^y(uf)  +  (7) 


+  He [ Fs^r  ( ij'>}  du)  — 

The  characteristic  of  the  optimal  filter  that  mini¬ 
mizes  the  root-mean -square  error  depending  on  the 
expression  (7)  is  determined  by  the  expression 

Tj  _ _ +  Fj^ _ 

^  <cj>  -(-  2Re{F5jv  +  Fpj 


but  the  corresponding  minimal  value  of  the  root- 
mean-square  error  is  equal  to 


1 

f  FsCUf')- 


1^5  +  Fs^/ 


-oc 
|2 


(9) 


(u;)  -h  2Re{F5v  +  Fy^ 


du) 


If  the  matrix  D  (6)  is  absolutely  unknown,  but  it  is 
known  that  it  belongs  to  some  class  ,  then  the  crite¬ 
rion  function  is  replaced  by  its  upper  boundary  of  this 

class  [1],  and  as  the  estimation  D  of  the  matrix  D 
we  take  the  matrix  that  satisfies  the  criterion 


&  =  arg{-^!|^^£(F5,F/v,Fs^)}.  (10) 

This  approach  provides  the  solution  of  the  problem 
of  synthesis  of  signal  processing  quasioptimal  algo¬ 
rithms  in  conditions  of  uncertainty  with  respect 
to  Fs.FjsiiFsN . 


4.  Realization  of  the  Algorithm  in 
the  Linear  Adaptive  Antenna  Array 

We  shall  consider  the  realization  of  the  algorithm  by 
an  example  of  the  linear  narrow-band  antenna  array 
containing  M  identical  elements.  For  simplicity,  we 
will  consider  the  distance  between  adjacent  elements 
equal  to  d  =  A/2 ,  where  A  is  the  wave  length,  cor¬ 
responding  to  the  central  frequency  of  the  probing 


signal  spectrum.  The  signal  source  and  the  noise 
sources  are  in  the  antenna  far  zone. 

It  is  known  [2,  7,  8]  that  the  sample  covariance  ma¬ 
trix  of  signals  from  m  interfering  noise  sources  lo¬ 
cated  in  directions  at  presence  of  the 

white  noise  with  the  dispersion  is  determined  by 

in 

i=l 

where  is  the  power  of  the  i  -th  source  and  6^  is 
the  delta  function. 

For  the  useful  signal  source  the  response  of  the  i  -th 
element  of  the  array  will  be 

5,  =  (12) 

The  weight  vector  of  the  spatiotemporal  filter,  which 
maximizes  the  signal-to-noise  merit,  is  put  down  as 

lF(e)  =  /iF-’5o*(0),  (13) 

where  /x  is  the  normalizing  constant. 

It  can  be  shown  that  for  the  class  of  possible  sig¬ 
nals  S{6)  that  satisfy  the  condition 

M 

Yl\s.ie)-s„{ef  <u  (14) 

tr=l 

the  vector  of  weight  coefficients  of  the  robust  spatio- 
temporal  filter  is  expressed  by  the  simple  ratio 

WAe)  =  fi{R  +  aoiy'  sUe),  (15) 

where  I  is  the  unitary  matrix  and  oq  is  the  constant 
that  depends  on  u . 

Moreover,  as  it  follows  from  (15),  the  signal-to- 
noise  merit  at  the  adaptive  antenna  output  with  the 

weight  vector  Wj.  is  dependent  on  the  value  of  i/ . 


5.  Experimental  Investigations  OF 
the  Algorithm 

The  antenna  directional  pattern  at  the  fixed  direction 
to  the  useful  signal  source  6(,  is  determined  by  [2] 


GiOA) 


M 

i=\ 


(16) 


The  directional  patterns,  calculated  according  to 
(13),  (15)  and  (16),  of  the  9-element  linear  antenna 
array  are  shown  in  Fig.  1  and  Fig.  2.  The  correlated 
noise  sources  were  at  comers  6i  =  32®  and 
$2  =  36®  during  calculation.  At  that  the  power  and 
spectral  density  of  noise  were  identical.  The  direction 
to  the  useful  signal  corresponded  to  the  comer 
^0  =0®.  The  directional  pattern  of  the  nonadaptive 
9-element  equispaced  array  with  the  uniform  field 
distribution  on  the  aperture  is  showed  with  a  dotted 
curve  (the  curve  1)  in  Fig.  1  and  Fig.  2. 

As  is  obvious  from  Fig.  1  the  directional  pattern  of 
the  adaptive  antenna  designed  for  uncorrelated  noise 
(the  curve  2)  cannot  be  formed  at  the  presence  of  tw^o 
neighboring  powerful  sources  of  correlated  noise.  In 
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this  case  the  optimal  algorithm  does  not  only  improve 
the  signal-to-noise  merit  at  the  antenna  output,  but  also 
it  reduces  essentially  the  efficiency  of  this  antenna  even 
with  respect  to  the  usual  nonadaptive  antenna.  The  fad¬ 
ing  nulls  in  directions  to  the  noise  sources  are  practi¬ 
cally  absent,  and  the  main  lobe  providing  the  useful 
signal  reception  is  strongly  deformed.  The  directional 
pattern  of  the  same  antenna  (the  curve  2  in  Fig.  2), 
which  works  using  the  robust  algorithm,  has  strongly 
pronounced  fading  nulls  in  the  field  of  side  lobes  in 
directions  to  the  noise  sources,  and  the  form  of  the 
main  lobe  practically  coincides  with  the  form  of  the 
main  lobe  of  the  nonadaptive  antenna  (the  curve  1).  At 
that,  the  signal  losses  of  the  order  of  10  dB,  been 
caused  by  the  reduction  of  the  gain  factor  of  the  robust 
antenna,  are  insignificant  with  respect  to  the  increase  of 
the  resulting  signal-to-noise  merit  that  makes,  at  worst, 
approximately  40  dB. 

6.  Conclusions 

Thus,  the  application  of  the  robust  methods  of  synthe¬ 
sis  of  signal  processing  algorithms  in  adaptive  an¬ 
tenna  arrays  results  in  the  opportunity  of  obtaining 
quasioptimal  algorithms  which  are  stable  against 
noise  statistical  characteristics  of  the  given  class.  The 
inevitable  losses  of  the  useful  signal  in  robust  algo¬ 
rithms  with  respect  to  classical  optimal  algorithms  are 
insignificant  in  comparison  with  the  advantage  of  the 
signal-to-noise  merit  for  the  case  of  correlated  noise. 
And  also  these  losses  can  be  regarded  as  an  original 
“charge”  for  the  reliability  improvement  of  the  algo¬ 
rithm  under  prior  uncertainty.  Therefore,  in  essential 
multifunctional  systems  using  the  adaptive  antenna 
arrays  it  is  reasonable  to  use  the  robust  approach  to 
synthesis  of  existential  signal  processing  algorithms. 

The  considered  class  of  narrow-band  signals  can  be 
expanded  into  the  generalized  class  which  is  specified 
by  the  constraint  set  •  The  broadband 

signal  processing  using  the  robust  algorithms  is  possi¬ 
ble,  provided  that  a  signal  of  each  antenna  element 
passes  through  the  multidrop  delay  line.  It  results  in 
increasing  the  reversible  matrix  size  by  factor  of  , 
where  k  is  the  number  of  tappings  of  the  delay  line. 
And,  though  the  volume  of  calculations  increases, 
there  is  an  additional  advantage  of  the  robust  algo¬ 
rithm.  Namely,  the  smaller  sensitivity  to  interchannel 
mismatches  and  the  spread  of  parameters  of  the  chan¬ 
nel-delay  lines.  While  for  realization  of  the  optimal 
algorithm  the  rigid  restrictions  on  characteristics  of 
multidrop  delay  lines  [2]  are  required. 

It  should  be  noted  that  the  considered  example  of 
the  quasioptimal  algorithm  does  not  take  into  account 
the  technique  of  analog-digital  conversion.  The  adap¬ 
tive  algorithms  of  signal  processing  in  antenna  arrays 
are  built,  as  a  rule,  on  the  basis  of  some  preset  statisti¬ 
cal  model  of  quantized  data  [9,10].  As  it  is  impossible 
to  specify  such  an  adequate  model  in  real  conditions, 
it  is  necessary  to  use  adaptive  or  so-called  asymptotic 
robust  quantizers  [10]  when  constructing  the  robust 
algorithms  of  existential  signal  processing  in  adaptive 
antenna  arrays. 


Fig.  1.  The  directional  pattern  of  the  antenna  with 
an  optimal  vector  of  weight  coefficients 


Fig.  2.  The  directional  pattern  of  the  antenna  with  a 
robust  vector  of  weight  coefficients 
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Abstract 

Results  of  research  of  multifunctional  hybrid  optoelectronic  processor  of  spatial- 
temporal  signals  are  presented.  The  processor  provides  detection,  essential  parameters 
measurement  and  reception  of  complex  signal  with  pseudo-random  frequency  hopping. 

Keywords:  electro-optic,  acousto-optic,  array  antenna,  interferometer,  optical  beam¬ 
forming,  spread-spectrum,  pseudo-noise,  correlation,  bearing. 


1.  Introduction 

The  modem  radio  systems  widely  use  complex  signals 
with  AFAT  product  of  one  thousand  to  one  million 
and  over  with  bandwidth  AF  of  hundreds  of  MHz. 
These  are  the  pseudo-noise  signals  with  phase  manipula¬ 
tion,  frequency  modulation,  pseudo-random  frequency 
hopping  and  others.  The  use  of  these  signals  allows  in¬ 
creasing  interception  immunity  for  radio  systems,  so  the 
investigation  of  effective  means  of  detection,  angle-of- 
arrival  estimation  and  reception  is  topical. 

In  the  present  time,  the  traditional  approaches  to 
complex  signals  processing  by  using  both  analog  and 
digital  techniques  does  not  provide  satisfactory  solution 
in  the  case  that  AFAT  product  exceeds  one  thou¬ 
sand.  Digital  processors  still  face  with  difficulties  with 
power  consumption,  weight  and  dimensions.  If  the  nec¬ 
essary  bandwidth  is  more  than  300 MHz  or  AFAT 
product  is  close  to  I  million,  then  the  required  process¬ 
ing  rate  exceeds  the  abilities  of  digital  means. 

The  solution  may  be  in  creation  of  heterogeneous  data 
processing  systems  which  is  based  on  integration  of  tra¬ 
ditional  electronic  components  and  processors  based  on 
different  principals  and  architectures.  This  approach 
meets  present  and  probably  future  requirements. 

One  of  the  most  prepared  techniques  for  this  is  hy¬ 
brid  optoelectronic  processors  (HOEPs)  [1],  which 
successfully  unite  wide  band  analog  acousto-optical 
processors  and  digital  means  of  post-processing  and 
control.  It  is  known  that  time-domain  integrating 
acousto-optical  correlators  (TIAOCs)  allow  ultra  long 
time  spread-spectrum  signals  processing  of  tenths  and 
more  milliseconds.  Acousto-optic  phase-modulated 
pulse  signal  analyzers  and  demodulators  are  able  to 
process  the  single  pulse  with  a  phase  measurement 
accuracy  of  the  order  of  10°.  HOEPs  of  array  antenna 


(electro-optical  arrays)  are  capable  to  process  space- 
time  signals.  The  use  of  multi-channel  acousto-optic 
modulator  (AOM)  as  radio  frequency  signal  to  coher¬ 
ent  light  transducer  allows  50...  100  parallel  spatial 
channels,  each  operates  at  the  central  frequency  of 
1  GHz  with  the  bandwidth  of  up  to  500  MHz  [2]. 

2.  The  Hybrid  Optoelectronic 
Processor 

The  structure  of  multi-functional  HOEP  of  receiving 
antenna  system  signals  is  shown  in  Fig.  1 .  The  HOEP 
provides  detection,  bearing  finding,  pulse  structure 
analysis  and  reception  of  complex  signal  originating 
from  communication  system.  The  signal  features  are 
the  following:  use  of  pulse  packets;  pulse-to-pulse 
frequency  hopes  with  the  rate  of  0.1  million  hopes/s 
within  300  MHz  bandwidth;  continuous-phase  ma¬ 
nipulation  waveform  with  minimal  phase  shift;  data 
transfer  by  the  use  of  relative  cyclic  shift  of  binary 
code  which  is  used  for  internal  pulse  modulation. 

The  HOEP  includes  the  following  structural  mod¬ 
ules:  detection  module  (for  parallel  (panoramic)  radio 
scene  survey,  detection  and  angle-of-arrival  estima¬ 
tion  of  low-power  source(s)  of  spread-spectrum  sig¬ 
nal);  beam  forming  module  (for  receiving  array 
antenna  pattern  maximization  toward  the  source  of 
interest);  structure  analysis  module  (for  restoration  of 
binary  code  used  for  pulse  manipulation)  and  de¬ 
modulation  module  (for  binary  data  extraction). 

The  HOEP  antenna  system  incorporates  small  in¬ 
line  array  WA2  and  the  single  element  distant  antenna 
WAl.  Due  to  special  signal  processing  in  the  HOEP, 
the  antenna  system  acts  as  an  integration  of  interfer¬ 
ometer  with  base  d  (Fig.  2)  and  array  antenna.  Space- 
time  signals  registered  with  the  antenna  system  are 
amplified,  transformed  to  the  intermediate  frequency 
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Fig.  1.  HOEP  structure 


and  entered  the  coherent  optical  processor  (COP)  by 
the  use  of  acousto-optic  space-time  light  modulators 
(STLM)  8  and  10  (Fig,  1). 

2.1.  Detection  Module 

The  structure  of  detection  module  is  shown  in  Fig.  2. 
Elements  of  WA2  can  be  aligned  either  along  the  base 
d  (WA2X)  or  across  the  d  (WA2Y).  The  COP  of  the 
module  includes  AOM  1  and  2,  laser  with  collimator 
(not  shown),  lenses  and  astigmatic  pairs  L1-L4,  space 
filters  T,  and  CCD  matrix  as  output  transducer. 

In  the  XOZ  plane,  the  COP  functions  as  quadrature 
TIAOC  (Fig.  3  a)  whose  AOMs  operates  in  Bragg 
mode.  The  special  illumination  of  AOMs  with  crossed 
beams  (designated  as  "a"  and  ”b"  in  Fig.  3  b)  is  im¬ 
plemented  for  heterodyne  spatial  frequency  transfor¬ 
mation  [3].  One  of  the  beams  ("a")  is  used  as 
reference  source  for  the  AOM2  and  is  not  deflected  by 
the  AOMl  due  to  special  regime  of  acousto-optic  in¬ 
teraction  and  special  geometry  of  space  filter.  In 

case  of  signal  bandwidth  AF  ~  300  MHz,  the  strong¬ 
est  interfering  diffracting  order  ("-1st"  order  of  "a" 
beam  -  ”(^“)">  shown  as  dash  line  in  Fig,  3b),  which 
appears  in  the  passband  window  of  ,  is  suppressed 

down  to  —25  dB  and  over  by  insufficient  (<  3  dB) 
reduction  of  intensity  in  the  useful  light  order  (b+). 
The  same  technique  is  implemented  for  the  diffraction 
on  the  AOM2. 

In  the  YOZ  plane,  the  COP  shown  in  Fig.  2  func¬ 
tions  as  in-line  electro-optical  array  [2].  The  COP 
transforms  space-time  radio  frequency  signal  regis¬ 
tered  by  the  array  antenna  WA2  and  visualizes  an 
angular  distribution  of  radio  sources  (radio  scene)  in 
form  of  appropriately  aligned  light  strips. 

So  the  CCD  matrix  (Fig.  2)  detects  the  combination 
of  the  two  coherent  light  distributions  which  represent 
space-time  signals  in  the  two  AOMs: 

•  \n  OY  direction:  Fourier-image  of  signal  in 
AOM2  (the  radio  scene  formed  by  electro-optical 
array  antenna)  and  Fourier-image  of  AOM2 
(quasi-homogeneous  light  illumination); 

•  in  OX  direction:  an  image  of  AOMl  and  upside- 
down  image  of  AOM2. 


The  CCD  matrix  integrates  the  total  light  distribu¬ 
tion  in  time  domain.  Collected  charge  relief  Q  reads 
out  periodically  and  enters  the  digital  processor  where 
the  post-processing  is  performed. 

The  2D  integral  transform  of  the  space-time  signal 
registered  by  the  array  antenna  is  defined  as 


7““  »>■)>= 


=  Re 


where  P{y)  is  the  COP  image  kernel; 0,  Rand  9 
are  the  convolution,  cross-correlation  and  Fourier  trans¬ 
form  operators;  index  m  and  asterisk  (*)  designate 
complex  amplitude  and  complex  conjugation,  respec¬ 
tively;  V  is  the  ultrasound  velocity  in  the  body  of 
AOM;  N  is  the  quantity  of  radio  sources;  Si  is  the 
signal  of  i  -th  source;  c  is  the  light  speed; 

F(y)  =  FAA{m{Xugfiy^  y)(S) /3(y)  and  m  are 

the  image  kernel  and  scale  ratio  of  the  electro-optical 
array,  respectively;  the  WA2  array  antenna  pat¬ 

tern;  fi  is  the  focal  length  of  lenses  and  astigmatic 
pairs  L1-L4;  i/j  for  the  WA^  and 

=  A^'^cos^j  for  the  WAJ  are  the  spatial  fre¬ 
quency;  other  symbols  are  disclosed  in  the  figure.  In 
parallel  mode,  the  HOEP  forms  the  cross-correlation 
function  of  the  group  signal  si  with  the  signals  received 
from  every  direction  of  the  radio  scene.  HOEP  provides 
the  signal/(noise  +  jammer)  ratio  increasing  due  to 
space-domain  processing  in  elevation  plane,  sig¬ 
nal/noise  ratio  increasing  due  to  space-time  correlation 
processing  (interferometric)  of  complex  signals  [4],  and 
parallel  forming  of  azimuth  and  elevation  coordinates 
estimations  of  multiple  radio  frequency  sources. 

The  format  of  2D  output  signal  of  CCD  matrix  is 
shown  in  Fig.  4.  In  case  of  WA2Y  (Fig.  4  a),  the  en¬ 
velope  of  auto-correlation  function  (ACF)  of  every 
source  is  formed  along  OX .  The  position  of  ACF 
peak  is  determined  by  the  azimuth  position  of  source. 
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Fig.  2.  Detection  module 


b) 

Fig.  3.  Configuration  a)  and  beams  b)  in  the  TIAOC 


a)  b) 

Fig.  4.  Format  of  the  HOEP  2D  output 


Along  OY,  the  distribution  of  radio  sources  is 
formed  in  elevation  plane. 

In  case  of  WA2X  (Fig.  4b)  the  peak  of  optical  im¬ 
age  of  source  lies  on  a  line  originating  from  the  center 
of  coordinates;  the  processor  surveys  the  radio  scene 
in  single  plane  (the  azimuth  plane)  but  has  the  ability 
to  detect  both  wide  band  and  narrow  band  signals 
with  extended  ACF. 


Rozdobudko,  V.  S.  Temchenko 

2.2.  Beam  Forming  Module 

The  information  about  the  state  of  radio  scene  sup¬ 
plied  by  the  detection  module  is  used  in  the  beam 
forming  module  to  select  the  desired  signal  source. 
The  module  realizes  algorithm  [5]  of  signal/(noise  + 
jammer)  ratio  maximization.  The  algorithm  was  modi¬ 
fied  for  implementation  in  HOEP  [3].  The  COP  uses 
parallel  beam  forming  method.  In  the  front  focal  plane 
n  of  positive  lens  the  coherent  light  distribution  is 
formed  by  use  of  multi-channel  STEM.  The  complex 
amplitude  En(p)  of  light  corresponds  to  current  dis¬ 
tribution  j(y)  in  the  array  antenna  [  WAj  ].  As  a 
result,  the  diffracted  light  distribution 
Ejr  (my /Aiifffi)  (m  >  1-  scale  coefficient)  in  the 

rear  focal  plane  tt  of  lens  is  defined  by  the  spatial 
spectrum  of  radio  signals  registered  by  the  array  an¬ 
tenna.  So  the  angular  distribution  of  radio  sources  (the 
radio  scene)  is  visualized.  The  algorithm  of  space- 
time  signal  transformation  in  the  COP  is: 

L{  ...|  =6 'J'o’Cy)  l-rect|.^  X 

.f  II  (2) 

whereto  is  the  light  amplitude  in  the  COP  input 
plane  defined  by  the  extended  wave  spherical  function 
of  the  zero  order  [3];  A?/  is  the  STEM  aperture 
size;  19,,  is  the  radio  source  bearing;  is  the  transfer 
function  of  the  spatial  filter  (controlled  binary  phase 
transparent). 

The  action  of  (2)  is  in  the  disturbation  of  optical  im¬ 
age  of  the  signal  of  interest  by  the  controlled  filter  with 
the  transfer  function  f^.  Tliis  filter  is  optimized  in 
terms  of  minimal  losses  of  laser  light  energy,  the  sim¬ 
plicity  of  realization  by  the  dynamic  transparent  and 
minimal  distortion  of  signals.  Filter  has  the  following 
structure  of  f^, :  |f^  |  =  1  in  the  whole  surface,  but  in 
the  position  of  useful  source  in  cr^  rectangular  region  it 
inserts  180°  shift.  The  size  of  tTo  —  /  Ay 

where  Cy  is  the  parameter,  Cq  =  0.54  for  in-line 
array  antenna.  As  a  result  of  the  disturbance,  most  part 
of  the  source  energy  is  pushed  out  to  the  transparent 
window  of  high  pass  spatial  filter  (I -rect(...)  diaphragm) 
while  the  rest  part  of  the  optical  image  of  the  radio 
scene  (including  jammers)  is  rejected.  Further,  the  sig¬ 
nal  is  processed  in  time  domain  and  is  used  as  feedback 
for  controlling  the  filter. 

2.3.  Time-Domain  Processing  Modules 

After  space-domain  filtering,  the  signal  goes  to  the 
structure  analysis  module  where  the  by-element  de¬ 
modulation  of  continuous-phase  manipulated  wave¬ 
form  is  performed.  The  signal  parameters  are 
determined  (pulses  quantity,  amplitude,  duration, 


364  International  Conference  on  Antenna  Theor)^  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine 


Hybrid  Optoelectronic  Processor  for  Detection,  Dkection  Finding  and  Reception  of  Complex  Signals 


repetition  time,  type  of  packet),  and  phase  modulating 
binary  sequence  is  extracted.  The  main  difficulty  is 
the  pulse-by-pulse  random  frequency  hopping.  The 
module  realizes  autocorrelation  algorithm  which  is 
invariant  to  the  carrier  frequency  (including  frequency 
hops),  but  requires  high  signal-to-noise  ratio  >  1 . 

The  module  is  based  on  space-integrating  acousto¬ 
optic  correlator  (SIAOC).  The  function  of  one- 
element  delay  line  is  performed  by  the  AOM  itself 
(STLM  1 1  in  Fig.  1).  The  optical  system  15  combines 
images  of  upper  and  lower  parts  of  the  AOM  on  the 
aperture  of  photodetector  17  which  performs  multipli¬ 
cation  and  integration  of  signal.  Photodetector  output 
compares  with  the  threshold,  and  the  decision  is  made 
on  the  code  element  value. 

The  signal  with  the  low  signal-to-noise  ratio  (down 
to  —15  dB)  is  processed  in  demodulation  module 
which  realizes  pulse  compression  and  multi-channel 
frequency  reception.  The  necessary  initial  information 
is  the  pulse  modulating  binary  code.  The  code  is  ob¬ 
tained  previously  by  the  structure  analysis  module. 
Some  different  optical  schemes  were  designed  for 
demodulation  module  based  on  SIAOC  with  pro¬ 
grammable  transient  characteristic.  The  transient 
characteristic  is  set  up  by  small-element  liquid-crystal 
device  matrix  (16  in  Fig.  1)  and  special  phase  filter.  A 
photodiode  array  19  is  used  for  light  detection,  each 
photodiode  corresponds  to  the  frequency  channel  of 
the  frequency  hopping  pattern.  The  photodiode  output 
can  be  used  for  adjoining  purposes:  for  pulse  packet 


type  estimation,  for  instant  spectrum  measurements 
and  for  the  time  of  arrival  determination. 

3.  Conclusions 

The  antenna  system  with  multifiinctional  hybrid  opto¬ 
electronic  processor  realizes  detection,  space-  and  time 
domain  selection,  structure  analysis  and  reception  of 
complex  signals  with  pseudo-random  frequency  hoping 
and  AFAT  product  ofup  to  one  million. 
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Abstract 

In  this  paper  we  extend  the  recently  proposed  algorithm  of  direction-of-arrival 
(DOA)  estimation  named  as  Unitary  TLS-ESPRIT  with  structure  weighting  (SW)  for 
a  uniform  rectangular  array  (URA).  The  obtained  two-dimensional  (2-D)  Unitaiy 
TLS-ESPRIT  algorithm  with  SW  provides  automatically  paired  estimates  of  source 
azimuth  and  elevation  angle  (or  spatial  frequencies),  and  conserves  inessential  com¬ 
putational  load  inherent  for  the  2-D  Unitary  TLS-ESPRIT  algorithm.  Simulation  re¬ 
sults  verifying  the  efficiency  of  the  algorithm  are  presented. 

Keywords:  Antenna  array,  TLS-ESPRIT,  Unitary  transformation,  Structure  weighting 


L  Introduction 

There  are  many  signal  processing  applications  for 
which  a  set  of  unknown  parameters  must  be  estimated 
from  measurements  collected  in  time  and/or  space 
through  an  antenna  array.  For  example,  high- 
resolution  DOA  estimation  is  important  in  radar,  so¬ 
nar,  wireless  mobile  communications,  and  so  on. 

The  DOA  estimation  could  be  implemented  with 
any  one  of  a  number  of  the  popular  high-resolution 
methods  [1],  but  the  most  suitable  and  frequently  used 
are  ESPRlT-like  algorithms.  One  of  them  is  the  Uni¬ 
tary  TLS  (Total  Least  Squares)  -  ESPRIT  algorithm, 
being  a  low-complexity  modification  of  conventional 
ESPRIT  formulated  in  terms  of  real-valued  computa¬ 
tions  [2].  This  algorithm  provides  source  DOA  esti¬ 
mates  via  a  closed-form  procedure  when  using  the 
uniform  linear  array  (ULA)  or  the  URA.  The  term 
’’closed-form”  means  that  under  using  the  ULA 
(URA)  the  algorithm  does  not  require  a  1-D  (2-D) 
spectral  search  as  in  the  case  of  the  MUSIC  algorithm 
or  an  iterative  optimization  procedure  as  in  cases  of 
1-D  (2-D)  IQML  algorithm  or  multiple  invariance 
ESPRIT  [2].  The  algorithm  used  in  conjunction  with 
URA  yields  automatically  paired  source  azimuth  and 
elevation  angle  estimates  and  permits  resolve  the 
sources  having  one  common  spatial  frequency. 

The  1-D  Unitary  TLS-ESPRIT  algorithm  with  SW 
for  a  ULA  [3]  extends  the  Unitary  TLS-ESPRIT  ideas 
using  the  structure  (row)  method  [4].  In  this  paper  we 
introduce  generalization  of  this  algorithm,  a  2-D  Uni¬ 
tary  TLS-ESPRIT  algorithm  with  SW  for  a  2-D  an¬ 
tenna  array.  The  computer  simulations  show  that  the 
proposed  algorithm  enables  to  increase  an  accuracy  of 
DOA  estimation  of  radiation  sources  in  the  domain  of 
mean  and  great  values  of  signal-to-noise  ratio  (SNR). 


2.  1-D  Unitary  TLS-ESPRIT  WITH  SW 

The  problem  of  finding  the  DOA’s  of  V  narrow-band 
plane  waves  impinging  on  ULA  of  M  sensors  can  be 
reduced  to  that  of  estimating  the  spatial  frequencies 
(SF)  w  =  in  the  following  model 

x(0=A(w)s(<)  +  n(<),  (1) 

where  parameter  lj  =  27rdj,  sin  ^  /  A  specifies  the 
source  arrival  angle,  d,,  is  the  interelement  spacing, 
A  is  the  wave  length,  <-)^  stands  for  transpose.  The 
M  X  V  matrix  A<w)  =  [a(a;i ),..., a(a;r)]  contains 
the  array  response  vectors,  a(a;)  is  the  M  x  1  steering 
(array  response)  vector,  s(<)  is  the  V  xl  vector  of 
source  complex  envelopes,  n{t)  is  the  M  xl  vector 
of  sensor  noise.  The  source  signals  are  zero-mean, 
complex  Gaussian,  temporally  white  processes  with 
the  covariance  matrix  S  =  E[s(i)  s^(i)] ,  where 

El']  and  stand  for  expectation  operator  and 
hermitian  transpose,  respectively.  The  sensor  noise 
n{t)  is  also  the  zero-mean  complex  Gaussian  process 
and  is  assumed  to  be  both  temporally  and  spatially 
white  with  the  variance  . 

The  array  response  vectors  are  conjugate  centro- 
symmetric  due  to  the  choice  of  ULA  center  as  the 
phase  reference  [2]. 

.IM-l  \  ./JI/-1  \ 

a^ca;>  =  (e-H— (2) 

The  array  output  covariance  matrix  R  is  defined 
by  the  relation 

R  =  E{x{t)x^{t)]  =  A<w>SA^  <w)  +  cr^I,  (3) 
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where  I  is  the  M  x  M  identity  matrix.  As  an  esti¬ 
mate  of  R  it  is  common  to  use  the  sample  covariance 
matrix,  obtained  from  N  snapshots 

=  (4) 

where  X  =  [x(4 x(t;v)]  is  the  M  x  N  data  ma¬ 
trix.  The  eigendecomposition  (ED)  of  R  is  of  the 
following  form 

R  =  sEJ^  +  E„  n^n  >  (5) 

where  the  V  x  V  and  (M  —  V)  x  (M  -  V)  diagonal 

matrices  g  and  "  „  contain  V  and  M  -  V  sample 

signal  and  noise  subspace  eigenvalues,  whereas 
M  X  V  matrix  E,  =  and  M  x  (M  -  V) 

matrix  E„  =  contain  the  correspond¬ 

ing  eigenvectors,  and  V  is  an  estimate  of  number  of 
sources. 

For  the  standard  ESPRIT  scenario,  an  M  -element 
antenna  array  incorporates  two  identical  subarrays 
separated  by  a  common  displacement  A .  Let 

Jj  —  [  J7nx7n  ®7uxl  ]  "^2  ~  [®7?txl  *^mx7ji  ] 

mx  M  selection  matrices,  which  assign  the  elements 
of  x{t)  (rows  of  A)  to  subarrays  1  and  2,  respec¬ 
tively.  Here  is  the  m  x  1  zero  matrix,  and  m  is 
the  number  of  elements  in  each  subarray.  For  exam¬ 
ple,  under  m  —  M  -  I  the  first  M  -  1  and  last 
M  -  1  elements  of  ULA  can  be  used  for  forming  two 
identical  overlapping  subarrays  with  displacement 
A  =  4 . 

Under  the  SW  method  [4],  the  generalization  of 
overlapping  structure  is  used.  In  this  case,  pairs  of 
subarrays  of  m.,  ( m,.  <  m)  elements  are  used.  Let 

Jl^  [J5X7«  ^</xl  j  •^2^*  ~  [^(^xl  Jgx77i  ] 

corresponding  selection  matrices,  q  =  mg(M  -  m,) 
be  the  total  number  of  elements  in  each  subarray  for 
the  given  case,  and  J  =  [  Jf ,  Jm-77i,  f,  where 

J*  “  [®7?i^x(7:-l)  l77l.,X77l,  ^771,  X(M-i-f7l^)  ]  •  Th® 

X  m  matrix  Jj  picks  nig  sequential  rows  of  the 
matrix  E^,  :z,  i  +  1,  ...,i  +  nig  -  1.  The  key  moment 

in  realization  of  the  TLS-ESPRIT  algorithm  with  SW 
[3]  is  that  at  the  final  stage  of  algorithm,  the  ED  of 

matrix  product  [J^E^,  J2EJ^S[JiEg  J2EJ  is  being 
calculated  instead  of  finding  ED  directly  for  matrix 
product  [3isEg  J25E.J^[JigE5  J2,,E5]  (which  is  equal 
to  the  first  one).  Here  S  J^J  is  the 
(M  -  1)  X  (M  -  1)  weighting  matrix, 

S  diag  [1  2...w...w.,.2  1], 
w  =  min(m,,M  -  m^),  parameter  under  maxi¬ 
mum  overlapping  of  subarrays  in  [4]  is  recommended 
as  m,  (M  /  2) .  Elements  of  the  diagonal  matrix 
S  indicate  how  many  times  each  row  of  A  is  used. 


When  using  the  unitary  transformation  method,  the 
vector  of  array  data  and  covariance  matrix  are  trans¬ 
formed  into  vector  y(^)  =  and  matrix 

Rti  =  E[y{t)y^{t)]  —  Uj^RU^,  respectively.  For 
odd  M ,  the  unitary  matrix  U is  defined  as  [2] 


U2/r+i  =  (1/ 


Ik 

0^ 


0 

V2 


ix  0 


(6) 


where  matrix  is  an  (M  -  l)/2  x  (M  ~  l)/2 

exchange  matrix  (with  ones  on  its  antidiagonal  and 
zeros  elsewhere). 

The  ESPRIT  algorithm  invariance  property  in  the 
case  of  applying  the  unitary  transformation  method 
and  SW  may  be  presented  as  [3] 

tg(a;/2)Ki5gjt/(a;)  =  K2,sgji^(u;) ,  (7) 


where  Ki,  =  Re(Uf  J2,,Um),K2,  =  Im(Uf  J2,Um)  , 
Sm(^)  =  •  Equation  (7)  is  the  basis  for  the 

development  of  1-D  Unitary  TLS-ESPRIT  with  SW. 

A  summary  of  the  1-D  Unitary  TLS-ESPRIT  algo¬ 
rithm  with  SW  and  maximum  subarray  overlapping  is 
as  follows  [3].  First,  compute  the  M  x  U  matrix  E^^ 
via  V  the  “largest”  eigenvectors  of  matrix 
Re(U^RUjv/)  or  V  “largest”  left  singular  vectors 
of  the  real-valued  matrix  [Re{Y},Im{Y}],  where 
Y  =  U^X  .  Second,  define  the  (M  -  1)  x  M  matri- 

ces  K,  =  R^(US_iJ2Um),K2  =  Im(US_iJ2U;i^) 
and  calculate  the  eigendecomposition  of  matrix  prod- 

uct  [KiE^  K2E,.,  f  US_iSUif_i  [KiE«,  K2E,„  ] , 

i.e.[KiE«,  K2E™f  S„„[KiE,„  K2E,,,]  =  Eo‘E?, 
where  is  the  weighting  matrix, 

such  that  Sun  [12... w  w  12. ..w],  is 

the  eigenvalue  matrix  of  this  multiplication,  and  Eq  is 
the  eigenvectors  matrix.  Third,  calculate  the  eigenval¬ 
ues  \,v  =  l,...,F  of  matrix  iX,  such  that 
iX  =  (“Ei2%2^),  where  E12  and  E22  are  the  upper 

right  and  lower  right  V  xV  submatrices  of  Eq  . 
Fourth,  determine  the  source  SF  as 
a)v  =  2arctg(X),v  =  1,...,F. 


3.  2-D  Unitary  TLS-ESPRIT  with  SW 

Consider  a  M  x  L  element  URA,  centered  at  the 
origin  lying  in  the  x  -y  plane  and  equi-spaced  by 

4  =  dy  =  A  /  2  in  the  x  and  y  directions.  In  addi¬ 
tion  to  the  SF  a;  =  where  u  =  cos  ^  sin  ^ 

(</)  is  the  source  elevation  angle,  6  is  the  source  azi- 
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muth  angle)  we  define  another  parameter 

=  ^dy'd  ,  where 'd  =  8in0sin<^ . 

The  array  response  to  a  source  arriving  from  the  di¬ 
rection  (0,0)  (or  (iv.fj))  is  given  by  the  M  x  L  ma¬ 
trix  A{u),fi)  =  >  where  ai(/i)  is  defined 

by  (2)  with  M  replaced  by  L  and  u;  replaced  by  // . 
Owing  to  using  the  column  stacking  operator  vec{) 
[2]  this  response  matrix  can  be  vectorized  and  pre¬ 
sented  as  a(a;,^)  =  vec{A{<jj,  fi)) . 

The  array  output  at  time  t  may  be  presented  as 
x{t)  =  A{u;,fj)s{i)  -h  ii(f),  where  x(f)  is  the 
ML  X 1  vector  formed  by  stacking  the  columns  of  the 
URA  outputs,  A(a;,  fj)  is  the  MLxV  DOA  matrix. 
Assumptions  as  for  signals  and  noise  for  URA  are  the 
same  as  for  the  ULA.  The  columns  of  A(a;,/i)  have 
the  form  wc[aA,(u;)a[(/i)]  =  [ai(/i)  ®  aj,/(a>)],  and 
symbol  0  denotes  the  Kronecker  matrix  product. 

The  matrix  form  of  real-valued  manifold  denoted 
as  G{u,fj) ,  is  related  to  the  matrix  form  of  the  array 

manifold  as  G(u;,/i)  =  Uj^A(a;,//)U2 ,  where  is 
defined  similarly  to  with  M  replaced  by  L ,  su¬ 
perscript  ♦  denotes  conjugation.  Obviously 

G{u;,  fi)  =  Uj^/aAr(w)aI(M)Ul  =  gA/(w)gI(/i)  (8) 

where  g£,(/x)  =  Since  meets  the 

invariance  relationship  in  (7),  we  have  K2 .  After  ap¬ 
plying  the  property  of  the  operator  vec{),  i.e. 
t;cc(ABC)  =  (C^  0  A)z;ec(B) ,  we  find  that  the 
ML  X 1  stacked  real-valued  manifold  vector  Kj  sat¬ 
isfies 

tg(a;  /  2)K^i,g(a;,  /z)  =  K^2.g(t^,  M)  ,  (9) 

where  =  II  0  Kj.,  and  =  h  ^  ^2s  are 
the  qL  x  ML  matrices. 

Similar  manipulations  can  be  performed  for  the 
1-D  real-valued  manifold 

The  1-D  real-valued  manifold  gL(^)  satisfies  the 
corresponding  invariance  property  presented  as 
tg(^/2)K3,gi(/x)  =  K4,g/;(/x),  where  zxL  real¬ 
valued  matrices  K3.,,  and  K4,  are  defined  as 
K3,  =  Re(Uf J2,,Ui)  and  K4,  =  Im(Uf J2.,Ui), 
and  z  =  1^{L  -  «  (L/2) .  If  we  use  this  fact  in 

equation  (8)  then  obtain  the  following  expression: 
tg(/i/2)G(w,/i)Kj,  =  G(w,  /z)KJ„  .  Application  of 
the  stacking  property  now  results  in 

tg{fi  /  2)K^,  j,g(a;,  /x)  =  m)  »  (10) 

where  and  are  the  zM  x  ML  matrices. 


Application  (9)  to  the  ML  x  V  dimensional  real¬ 
valued  DOA  matrix  G  =  [g(a;i,^i ),..., g(cJi',/ir)) 
leads  to 

K^,,GP^  =K^2.G,  (11) 

where  P^,  diag[tg(u;i  /  2) , . . . ,  tg(a;i/  /  2)] . 

Similarly,  if  we  use  (10)  to  the  DOA  matrix  G 
then  obtain 

K^a.GP,,  =  (12) 

where  P,,  diag[tg(/xi /2),...,tg(/ir /2)].  Asymp¬ 
totically  (assuming  the  number  of  snapshots  N  to  be 
large)  =  GT ,  where  T  is  a  non-singular  real¬ 
valued  matrix.  Substitution  of  G  =  in  (11) 

and  (12)  yields  the  following  relationships 

K^2,,E.„,  ,  where  rt  T’’PyT  (13) 
K;,2,E,,„  ,  where  n,,  T'’P,,T  (14) 

AH  the  quantities  in  (13)  and  (14)  are  real-valued. 
Automatic  pairing  of  the  spatial  frequency  estimates 
U2i  and  Hi  is  achieved  by  computing  the  eigende- 
composition  of  the  ‘’complexfield”  matrix 
+  T-’(p, +p,.)T. 

Similarly  to  the  1-D  case  [4],  when  solving  matrix 
equations  (13)  and  (14)  by  the  TLS  method,  it  is  nec¬ 
essary  to  calculate  ED  of  matrix  equation 

[h  ®  )]$,, 

where  matrix  F„  =  (K^,..E,„,  K^2*E.,„)  and  matrix 
=  (Ku,iE.„,  K^aE..,,),  in  order  to  find  estimate  w 
and  the  equation 

F«F,.  =  ®  Ia;  ]#, , 

where  matrix  F,,  =  [K,,i..E,„  K,,2,E,.„)  and  matrix 
=  (K;,iE.„,  K,,2E,„],  in  order  to  find  estimate  . 
Here  matrices  =  li  0  Kj,  K„2  =  li  0  K2 , 
and  K,,,  =  K3  0  1^ ,  K,,2  =  K4  0  Ia/  ,  where 

K3  =  Re(U?-,J2Ui),  K4  =  Im(Uf_,J2Ui). 

A  summary  of  2-D  Unitary  TLS-ESPRIT  with 
structure  weighting  is  as  follows: 

1)  obtain  the  data  matrix  Y  =  (Uj^/  0  Uf  )X ; 

2)  compute  the  ML  x  V  matrix  E.,„  via  V  the  “larg¬ 
est”  left  singular  vectors  of  matrix  [Re{Y},Im{Y}] 
or  as  “largest”  eigenvectors  of  real-valued  matrix 
Re(RyO ,  where  Rr  =  (1  /  2N)YY^ ; 

3)  determine  matrices  Kj  andK2,  K^i  and  K^2 
calculate  the  ED  of  matrix  product 

,  where  Ei  =  (1^  0  S„,J, 
A  is  the  eigenvalue  matrix  of  this  product,  and  Eq 
is  the  eigenvectors  matrix.  Partition  the  2V  x  2V 
matrix  Eq  into  submatrices  of  size  V  xV  and  cal¬ 
culate  the  matrix  that  is  formed  similarly  to  the 
1-D  case,  i.e.  =  {-^12^22) ; 


®  ^A/  »  ^/i2.v  R4.'(  ^  ^Af  ♦ 
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4)  implement  step  3  for  matrix  (when  using  the 
corresponding  matrices); 

5)  compute  A^jV  =  as  eigenvalues  of  the 

matrix  A;  +  iA ; 

6)  determine  spatial  frequencies  of  sources  as 
cD,-  =  2arctg(R«(Av)) ,  fty  =  2arctg(Im(Av)) , 

4.  Simulation  Results 

In  this  section  we  present  the  results  of  the  experiment 
(consisted  of  a  batch  of  Monte-Carlo  trials)  carried 
out  in  order  to  evaluate  the  relative  performance  of  the 
presented  in  this  paper  algorithm  and  the  original  one, 

i.e.  2-D  Unitary  TLS-ESPRIT.  The  main*  objective  of 
these  simulations  was  evaluation  of  the  root  mean 
square  errors  (RMSE)  between  the  true  source  spatial 
frequencies  and  the  estimated  ones  obtained  with  the 
above-mentioned  algorithms. 

In  the  experiment,  we  assumed  that  two  equi- 
powered,  uncorrelated  sources  were  impinging  on  URA. 
Their  directional  cosines  relative  to  x  and  y  axes  are 

(y-iA)  =  (0,0.05)  and  (^2,^2)  =  (0,0.087).  So,  the 
sources  have  the  same  u  coordinate. 

The  presented  results  are  averaged  over  500  trials, 
and  the  number  of  data  samples  was  taken  N  —  64. 
The  12x12  URA  (M  =  L  =  12)  was  used,  and  for 
the  presented  algorithm  =4  =  5  .  Fig.  1  displays 
the  RMSE  versus  the  SNR.  The  sample  RMSE  (Q) 
was  computed  as 

Q  -  , 

where  Uy{b)  ('§y(b) )  denote  the  coordinate  estimates 
of  the  v  source  obtained  from  a  particular  algorithm 
at  the  b  run,  whereas  Uy  ( 'dy )  is  the  corresponding 
true  spatial  frequency. 

The  figure  shows  that  the  obtained  algorithm  out¬ 
performs  the  2-D  Unitary  TLS-ESPRIT  algorithm  in 
the  domain  of  mean  and  large  values  of  SNR.  At 
small  SNR,  the  former  algorithm  does  not  yield  a 
gain.  It  is  explained  (as  in  [3])  by  the  inadequacy 
(when  realizing  it)  of  the  used  subarray  aperture  for 
the  high  accuracy  DOA  estimation  with  a  given  dis¬ 
tance  between  sources, 

5.  Conclusion 

A  new  ESPRIT-like  algorithm  of  parameter  estima¬ 
tion  —  the  2-D  Unitary  TLS-ESPRJT  algorithm  with 
SW  for  DOA  estimation  with  2-D  antenna  array  has 
been  presented.  The  obtained  algorithm  possesses  all 
the  attractive  features  (such  as  low  computational 
complexity,  ability  to  provide  automatically  paired 
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Fig.  1.  RMSE  characteristics  of  2-D  Unitary  TLS- 
ESPRJT  and  proposed  algorithm  versus  SNR 

source  azimuth  and  elevation  angle  estimates)  of  the 
2-D  Unitary  TLS-ESPRIT.  By  using  techniques  simi¬ 
lar  to  those  in  [2],  a  beamspace  version  of  2-D  Unitary 
TLS-ESPRIT  with  SW  for  URA  can  be  derived. 

Note,  that  the  proposed  algorithm  also  may  be  used 
for  estimation  of  sinusoid  frequencies  in  white  noise 
in  much  the  same  manner  as  it  is  used  for  estimation 
of  DOA.  Besides,  the  very  interesting  application  of 
the  2-D  Unitary  TLS-ESPRIT  with  structure  weight¬ 
ing  is  a  multiple-input-multiple-output  vector  radio 
channel  sounding  as  in  [5],  where  the  necessity  of 
joint  superresolution  estimation  of  direction  of  depar¬ 
ture,  time  delay  of  arrival,  Doppler  shift,  and  DOA  of 
propagating  waves  arises. 
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Abstract 

In  the  paper,  there  is  discussed  a  method  of  determining  the  number  of  signals, 
which  are  resolved  only  by  an  angular  coordinate,  with  the  use  of  ratio  of  modified  like¬ 
lihood  functions,  and  its  qualitative  indices  in  the  form  of  statistical  characteristics. 

K^words:  Signal  source,  resolution,  likelihood  function,  antenna  array,  probability 
of  true  detection. 


1.  Introduction 

The  task  of  determination  of  the  number  of  simulta¬ 
neously  acting  signals,  which  are  resolved  only  by 
one  parameter,  arises  in  multichannel  receiving  sys¬ 
tems  while  processing  a  total  output  response.  There 
are  different  approaches  to  such  a  problem  solution. 

In  a  number  of  well-known  methods,  determination 
of  a  number  of  simultaneously  acting  signals  is  real¬ 
ized  without  estimation  of  their  parameters.  Methods 
based  on  analyses  of  eigen  values  of  the  correlation 
matrix  [1]  and  methods  based  on  equation  factors, 
whose  solution  results  in  the  signal  parameters  esti¬ 
mation,  are  among  them.  The  latter  ones  are  subdi¬ 
vided  by  ways  of  obtaining  the  equation  factors  into 
two  groups:  (1)  -  the  statistical  method  [1],  in  which 
factors  are  formed  from  estimation  of  cross¬ 
correlation  functions  and  ,  (2)  -  the  de¬ 
terministic  one  [3],  in  which  one  or  several  samples  of 
the  output  instantaneous  values  of  multichannel  sys¬ 
tem  are  used  for  factors  forming. 

In  other  methods,  the  task  of  determination  of  the 
number  of  simultaneously  acting  signals  is  solved 
together  with  tasks  of  detection  and  estimation  of  the 
parameters.  To  them  There  are  concerned  actual 
methods  of  the  spectral  estimation,  based  on  the 
analysis  of  various  functions  of  correlation  matrix 
[1,4-6]  and  methods  of  maximization  the  vector  of 
likelihood  functions  ratio  [7]. 

It  is  expedient  to  compare  qualitative  indices  of  any 
of  the  proposed  methods  with  the  attainable  ones. 

2.  Statement  of  the  Problem 

In  order  to  estimate  the  multichannel  system  perform¬ 
ance,  consider  a  simultaneous  effect  of  signals  excited 
by  M  sources,  on  the  linear  equidistant  antenna  array 


(AA)  of  R  elements.  Assume  that  directions  to  each 
source  m  =  are  known. 

M  +  I  hypotheses  ...  are  put  for¬ 

ward,  hypothesis  corresponds  to  the  absence  of 
signal.  Hypothesis  Hf^.  assumes  an  action  of  signals 
excited  by  any  m  sources  from  total  assembly  M . 
The  problem  is  in  making  a  decision  corresponding  to 
one  of  M  +  1  hypotheses  and  rejecting  another  one, 
basing  on  results  of  measurement  of  AA  output  volt¬ 
ages  ?7,.,(r  = 

i7o  (m  =  0)  :  C/,.  =  n,. 

Hi  (m  =  1)  :  Ur  =  diPi  r  -I-  n,. 

2 

H-2{m  =  2)\  +  fi, 

:  (1) 

M 

M):  Ur  =  Y  ^>nPm,r  +  K 

where  d„i  is  an  instantaneous  value  of  the  m  th  signal 
complex  amplitude;  ), 

=  (“r"«sma„j(r - - — ),  A  is  the  wave- 

A  2 

length;  d  is  the  distance  between  AA  adjacent  ele¬ 
ments,  a„,  is  the  direction  of  the  m-th  signal  arrival 
with  respect  to  the  array  normal,  n,.  is  the  noise  in¬ 
stantaneous  complex  value  in  the  r  th  channel. 

To  verify  M  H- 1  hypotheses,  it  is  necessary  [8, 9] 
to  form  an  M  -dimenional  vector  of  likelihood  ratios 

l{Ur)  =  [k{Ur),l2{Ur),--.,hf{Ur)], 
whose  m  th  component  is 

UUr)  =  w{UAH,„)/w{UAHo),  (2) 
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w{U, \H,„)  =  {2ira^  fa  exp(-^  A«  ) 

is  the  likelihood  function  for  Gaussian  and  signal- 
independent  noises  in  channels  with  the  variance 
Gy  ~  a  , 

R  rr  m  l2 

4i  =  ^T- cosa;,,,.  -  al  sinx^^,. )  + 

r=lll  i=i  J 

m  i21 

+  Ur  -Y^{af,  sin x^^r  +4  cos a;^. ^ ) 

k=l 

—  Uj.  -{-  jUr ,  dk  =  aJt  4- 

It  is  possible  to  reduce  a  multichoice  problem  of 
hypotheses  testifying,  whose  solution  under  a  priori 
uncertain  conditions  is  difficult,  to  the  sequential  ex¬ 
amination  of  two-alternative  situations  using  forma¬ 
tion  of  the  extending  number  of  series  of  competing 
hypotheses  and  [7].  In  this  case,  the 

Neuman-Pearson  criterion  can  be  used  as  the  algo¬ 
rithm  of  the  problem  solution.  According  to  this  crite¬ 
rion,  solution  concerning  simultaneous  m  +  1 

signals  action  against  alternative  of  m  signals 
action  is  accepted  by  comparison  of  a  likelihood  ratio 
with  threshold  : 

UU,)  ^o{Ur\H,„)  <  ^  ^ 

JVl 

At  the  next  stage,  two  competing  hypotheses 


w{Ur\H,n^l) 


^m+i  and  considered.  If  the  newly 

formed  likelihood  ratio  doesn’t  exceed  the  threshold 
at  this  stage,  then  the  final  decision  in  favour  of  the 
hypothesis  about  m  +  1  signals  is  made.  Otherwise 
an  incompletely  defined  decision  about  m  -f-  2  or 
more  signals  acting  is  made.  This  decision  is  a  subject 
of  revision  at  the  next  stage. 

Let’s  obtain  a  rule  for  the  problem  solution  using 
the  modified  likelihood  function  [3]  (in  such  a  sense 
that  in  this  function,  unknown  components  of  signal 
complex  magnitudes  are  excluded  using  substi¬ 
tution  of  formal  estimates): 

WM{Ur\HM)  = 

_«  f  1  f  ^  1  ^  'll  (5) 

=  {2^4^ )  2  exp  Dm  ■ 


Here  determinant 

fll 

fv2 

/l3 

’•  flM 

fll 

/23  • 

•*  flM 

Dm  = 

fii 

"  fsM 

/mi 

fM2 

/m3  * 

"  Imm 

is  constituted  of  values  of  the  channels  directional 
characteristics  formed  as  a  result  of  the  phased  volt¬ 
ages  summation  on  the  array  components  in  such  a 
way  that  the  largest  values  of  these  directional  charac¬ 
teristics  coincided  with  known  directions  to  the 
sources  of  radiation: 


fkm  =  cos(a:,„  -  Xi )  r  -  ■ 
r=ll  ' 


_  sin[i?/2(a;„,  -  xjt  )J 
sin[l/2(x„, -x*)] 

Determinants  are  obtained  from  the  determi- 
nant  by  replacement  of  row  (/„,i ,  4-2 , Lm) 
with  the  one  of  scalar  voltage  products 
{(K«  •  ),(n.  •  ^2  )}  calculated  for 

specified  directions  to  signal  sources 

R 

K.  =  VI  +  J v;*  =Y,Ur  exp ( - jx„„. ) .  (8) 

r=l 

Proceeding  from  (4)  to  the  statistics  of  the  modified 
likelihood  function  logarithm  (5),  we  obtain: 

I  =:=  In  1^^+^)  = 

1  Wf,{Ur\H^)  j 

.  .  M+\  .  M 

=  i  n^EA„-;^E4„  • 

The  expression  in  parentheses  being  a  subject  of 
maximization,  after  transformation  is  reduced  to  the 
view: 

4-1  =  — “f(d^4-i  )^],(10) 


1 

'  1 

2cr 

* 

+  {(^M+1 

/ll 

fll 

/m+1,1 

/l2 

fll 

/l,M 

flM  •  ■  • 

i 

... 

_ 


Substituting  values  of  voltages  in  the  secondary 
channels  formed  as  a  result  of  a  phased  summation  (8) 
into  (11) 

Vk^'^  =  E  •  km  +  )  .  (12) 

m=l 

and  opening  determinations  by  the  lower  row, 
we  obtain: 

Ar+i  =  -A  -  -  „  X 

,(13) 

x[(4M+iajir+i  +  A*!  f  +  {Dm+i4m+i  +  A  f  ] 
where  determinants 
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fn 

•*  Af  +  l,! 

fu 

fn  • 

"  /a/  +  1,2 

fl.At 

fl.M  • 

“  hf+iM 

are  caused  by  noises  in  the  secondary  channels 
R 

=  Nl-  +  jNl  =  ^n,.exp(-i3;t,.). 

r~l 

Obtained  expression  (13)  shows  that  calculation  of 
value  for  Af  +  l-th  signal  detection  corre¬ 

sponds  to  forming  of  channel  with  characteristic  di¬ 
rected  with  ‘‘zeroes”  to  other  M  sources. 

A  digital  antenna  array  enables  to  determine  the 
number  of  acting  signals  with  known  directions  of 
arrival  in  a  one  time  sample.  For  this,  channels  are 
formed  according  to  (10)  in  turn  by  fixed  instantane¬ 
ous  values  of  voltage  quadrature  components  at  the 
outputs  of  primary  channels.  Determinant  is  con¬ 
structed  of  values  except  /„,i  and  for  the 

m  th  detected  signal.  In  determinants  d^.j'^||the  row 
with  values  of  characteristics  of  channel  /„,i ,  directed 
to  the  source  of  the  detected  signal,  is  excluded.  A 
decision  about  the  m-th  signal  activity  is  made  as  a 
result  of  comparison  Cjlf+i  with  threshold.  The  num¬ 
ber  of  the  threshold  crossings  corresponds  to  the  esti¬ 
mated  number  of  acting  signals. 

From  (13)  it  follows  that  the  distribution  of  random 
subjects  to  a  noncentral  distribution  with 
2  degrees  of  freedom  and  with  a  noncentrality  pa- 
rameter  =  a«+i  /j^a/ )  [10]: 

Pi<X) = 


.(15) 


where  /()(*)  is  the  zeroth  or’der  modified  Bessel  func¬ 
tion.  Using  the  asymptotic  expansion  at  large  values 
of  an  argument 


8x  ■*'  128z  ' 


and  restricting  ourselves  with  its  first  component,  we 
arrive  to  an  approximate  expression  for  L^f^i  density 
function  at  sufficiently  great  signal-to-noise  ratio 

=  4/+1 


1.0 


0.5 


Fig.  1. 

It  should  be  noted  that  the  squared  coefficient  of 
the  signal  amplitude  A;(a„j )  =  j  stipu¬ 

lated  by  positional  relationship  of  the  detected 
M  +  1  -th  source  and  other  M  sources  in  space.  It 
corresponds  to  the  introduced  in  [1 1]  conception  of  an 
available  power  utilization  factor. 

In  the  absence  of  signal,  the  distribution  (16)  is 
transformed  into  the  exponential  one: 

Pi(a:|oA/+i  =  0)  =  ^exp|-^j,  (17) 

and  for  the  given  probability  of  false  alarm 
00 

Pp  =  f  =  exp(-Xo/2(T‘^)(18) 

% 

threshold  Xq  =  2cr^  ln(l/P^’ ) .  This  allows  calculat¬ 
ing  the  probability  of  true  detection  of  the  signal  from 
the  M  +  1-th  source  using  equation  (17): 

oc 

Pd  =  f  PL{^)dx.  (19) 

^0 

Ratios  27Af+i/^A/  and  are  the  basic 

data  for  calculation  of  working  detection  characteris¬ 
tics  for  the  M  -f  1  -th  signal  against  other  ones  ac¬ 
cording  to  formula  (19). 

The  coefficient  A:(a„, )  characterizes  positional 
relationship  of  signal  sources  in  space  and  it  affects 
the  total  signal-to-noise  ratio.  It’s  dependence  on  an 
arbitrary  angular  position  a  of  the  detected  signal 
source  (in  parts  of  half  a  main  lobe  width  by  zero 
level),  as  an  example,  is  shown  in  Fig.  1 .  In  this  fig¬ 
ure,  there  are  two  cases:  Af  =  2 ,  Qj  =  0 ,  and 
M  =  3 ,  aj  =  1.0 ,  a2  =  2.5 . 

3.  Two  Sources  Case 

Such  a  case  is  of  practical  interest  from  the  point  of 
view  of  the  problem  solution.  According  to  (4,  10), 
taking  into  account  obvious  relations  /12  =  /21 , 

=  /jj  =  i? ,  D2  =  -  fzi ,  it  is  clear  that  it  is 

necessary  to  compare  with  threshold  the  following 
values: 
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Fig.  2. 


a)  at  detection  of  the  first  signal  against  the  back¬ 
ground  of  the  second  one 


fl  -2  R  ' 


fl2 


b)  at  detection  of  the  second  signal  against  the  back¬ 
ground  of  the  first  one 


R 

V{ 


fl2 

V{ 


R  /12' 


Estimation  of  the  potential  solution  for  detection  of 
two  signals  excited  by  sources  located  at  a  certain 
angular  distance  can  be  carried  out  with  characteris¬ 
tics  shown  in  Fig.  2.  There  are  shown  here  the  de¬ 
pendencies  of  the  true  detection  probability  versus  the 
angular  distance  between  the  sources  for  fixed  signal- 
to-noise  ratios  and  for  three  values  of  probability  of 
false  alarm  (taking  into  account  the  normalized  an¬ 
tenna  beam  pattern). 
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Abstract 

The  paper  considers  a  way  of  correction  of  the  reception  channels  characteristics 
for  smart-antennas  in  4G  mobile  communications. 

Keywords:  ^mart-antenna,  mobile  communications,  digital  beam  formings,  correction 
coefficients,  digital  antenna  array,  calibrating  source,  base  station. 


The  key  technology  of  4G  mobile  communications 
systems  is  adaptive  digital  beam  forming  for  smart 
antennas.  Adaptive  array  technology  provide  for  high 
gain  systems,  in  turn  optimizing  handset  size  and 
power  consumption,  and  at  the  same  time  reduce  pos¬ 
sible  interference  effects  from  other  terminals  in  the 
same  cell  area.  Software  radio  technology  of  smart 
antennas  also  enable  multimode  and  multi  band  op¬ 
eration  for  base  stations  [1]. 

For  errors  minimization  of  digital  beam  formings 
communications  systems  with  nonidentical  channels 
of  antenna  arrays  arises  a  problem  of  correction  of  the 
reception  channels  characteristics. 

For  the  solution  of  the  given  problem  it  is  proposed 
to  operate  by  a  special  external  submission  of  the  pilot- 
signal.  To  minimize  the  hardware  expenditures  it  is 
proposed  to  use  as  a  the  pilot-signal  a  signals  from 
other  base  stations  in  the  same  cell  area  (Fig.  1). 

When  applied  a  pilot-signal  from  only  one  base  sta¬ 
tion,  as  a  correction  procedures  for  square  smart  an- 


Fig.  1. 


tennas  is  proposed  to  use  a  method  [2].  In  the  general 
case  the  correction  process  is  consisted  in  weighing 
the  digital  voltages  in  receiving  channels  by  complex 
weight  coefficients: 

U  .  +  i  •  )(a^or  +  3  • 


where  -  quadratic  components  of  cor¬ 


rection  coefficient,  W ^  W  -  quadratic  components 


of  response  of  the  primary  digital  antenna  arrays 
(DAA)  channels. 

In  the  case  of  square  smart  antennas  with  RxQ 
elements  the  quadratic  components  of  correction  coef¬ 
ficient  must  been  calculated  for  a  set  of  N  readings  of 
pilot-signal  from  base  station  with  number  ”/w": 

N 


“b  ^rquPrqin.n  } 


EKn  +C^4-.) 

«=1 


N 

I 

tt=l 


(2) 


E(Urlu+uf,„) 


11=1 


where  »  Prqvi,v  -  quadratic  components  of  a 

measurement  standards  response  of  the  r^-th  primary 
smart  antennas  channels  in  the  w-th  time  interval, 
o^rqm »  Oirqni  "  quadratic  components  of  correction 

coefficient  for  r^-th  primary  smart  antennas  channels, 
which  calculate  for  a  pilot-signal  from  base  station 
with  number  17, -  quadratic  compo- 
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nents  of  response  of  the  r^-th  primary  smart  anten¬ 
nas  channels  in  the  «-th  time  interval, 

/?rgm,n  =  <  COS  (  A  )  -  <  sill  (  X  ) , 
l^rqm,n  “  COs(X)  -{-  sin(X)  ,  X  =  ^rm  "h  j 
^rm  5  ^qm  "  generalized  coordinates  of  calibrating 
source  (base  station  with  number  "w”)  with  respect 


to  DAA  normal. 

27r  , 

i  R 

1  sin  0jn  •  cos  e„i 

^rm  —  ^  d./.  1 

(r  — 

2  ] 

27r 

1  Q 

+  11 

1  sin  6ni  •  sin  Sm 

^qvi  y  ^ 

2  ) 

A  -  wavelength  of  calibrating  source  carrier,  ,  dq  - 

the  distance  between  array's  elements  in  a  row  and  in 
a  column  correspondingly,  R,  Q  -  number  of  ar¬ 
ray’s  elements  in  a  row  and  in  a  column,  6 ,  e  - 
angle  coordinates  of  the  calibrating  source  with  re¬ 
spect  to  DAA  normal,  =  Ust„  ,  ai’  =  - 

quadratic  components  of  response  of  the  standard  pri¬ 
mary  smart  antennas  channel  in  the  «-th  time  interval. 

In  the  case  of  linear  digital  antenna  array  use  a  cor¬ 
rection  coefficients  only  for  one  angle  plane: 


where  /Jrm.n?  Prm.n  ~  quadratic  components  of  a 

measurement  standards  response  of  the  r-th  primary 
smart  antennas  channels  in  the  «-th  time  interval, 
ctrni »  ^  quadratic  components  of  correction  co¬ 

efficient  for  r-th  primary  smart  antennas  channels, 
which  calculate  for  a  pilot-signal  fi*om  base  station 
with  number  "w".  Urn »  ^rn  ~  quadratic  compo¬ 
nents  of  response  of  the  Mh  primary  smart  antennas 
channels  in  the  «-th  time  interval, 

Prm.n  ~  )9 

Prm,n  =  <  cos(a;,.,„)  +  <  sin(a;„„) , 


^rvi  -  generalized  coordinate  of  calibrating  source 
(base  station  with  number  "/w")  with  respect  to  DAA 
normal, 


=  tT-' 


A  -  wavelength  of  calibrating  source  carrier,  d  -  the 
distance  between  array's  elements  in  a  row  and  in  a 
column  correspondingly,  R  -  number  of  array's 
elements,  6  -  angle  coordinate  of  the  calibrating 
source  with  respect  to  DAA  normal. 


When  applied  a  pilot-signal  from  more  base  sta¬ 
tions,  for  a  correction  procedures  can  be  used  a  aver¬ 
age  correction  coefficient: 


1 

c{s)  =  JL 


M 

m=l 


The  most  effective  way  of  correction  is  use  of  a  more 
pilot-signals  from  M  base  stations  in  the  one  time  inter¬ 
val.  In  this  case  must  be  used  a  correction  coefScients: 


EK+O 

n=l 

N  [  M  M 

n  =  l  7»=1  7n=:l 


Prqm  ~  CO®(^r77i  "h  ^qm  )  ^^^(^r7?i  "h  ^qm  ) » 

Prqm  “  ^qvi)  “I”  ^7n  +  Xqni')  , 

~  ]  »  ®7ji  Iin[i4;„  ]  , 

[Kn]  =  [P*PVP^U. 

AM  AM  •••  AM) 

P  =  .  .  .  -  matrix  of 


amplitude-frequency  characteristics  meanings  of  N  FFT- 
filters  for  a  measurement  standards  reception  channels; 

sinNM  -  M 
sinM-M  ’ 

LOn  -  the  central  frequency  of  n-th  FFT-filter,  U  - 
vector  of  voltages  of  the  responses  channels. 
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Abstract 

The  equation  of  the  direction  finding  characteristic  of  the  amplitude  sum- 
difference  direction  finder  with  parameters  similar  to  those  of  the  equation  of  the 
phase  sum-difference  direction  finder  characteristic  has  been  received  to  simplify  the 
comparative  analysis  of  these  direction  finders. 

Keywords:  direction  finding  characteristic,  sum-difference  direction  finder,  angular 
coordinate. 


When  using  a  pencil-beam  antenna,  the  equation  of 
the  direction  finding  characteristic  (DFC)  of  the  phase 
sum  difference  direction  finder  (PSDDF)  is  known 
[1, 2]  to  look  like 

5,/,W  =  tg(^0),  (1) 

where  d  is  the  linear  base  of  the  phase  centers  of  an¬ 
tennas  1  and  2  (see  Fig.  1);  ^  is  the  angle  with  re¬ 
spect  to  equiphase  direction  (EPD)  of  a  direction 
finder;  A  is  the  electromagnetic  wavelength. 

The  formula  (I)  allows  estimating  the  value  of  a 
signal  error  at  the  direction  finder  output  depending 
on  the  target  direction  error  angle  6  with  regard  to 
EPDF.  The  formula  parameter  is  the  linear  base  rela¬ 
tion  of  the  base  phase  centers  d  to  the  electromag¬ 
netic  wave  length  A  of  a  radio  signal. 

TheDFC  equation  of  the  sum-difference  direction 
finder  near  the  equisignal  direction  (ESD)  is  of  the 
following  form  [2] 

(2) 

where  //  is  the  steepness  of  the  DFC  at  the  ESD 

of  the  direction  finder;  0  is  the  angle  with  respect 
to  ESD  of  the  direction  finder. 


EPDF - -Q-'f 


Fig.  I.  The  relation  between  the  aperture  size  of  the 
antennas  and  the  base  of  phase  centers  of 
PSDDF  antennas 
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The  antenna  1 


The  antenna  2 


The  value  is  defined  by  the  equation  [2] 


A 

de 


F,{e)  -h  F^iO) 


(3) 


where  F2{6)  are  the  amplitude  radiation  pat¬ 

terns  (RP)  (see  Fig.  2)  of  the  direction  finder  antennas. 

The  DFC  equation  of  ASDDF  (2)  differs  from  that 
of  PSDDF  (1).  Therefore,  while  measuring  the  target 
angular  coordinates,  the  analysis  of  these  direction 
finders  is  made  with  the  use  of  different  methods. 

The  proposed  variant  of  the  DFC  equation  of 
ASDDF  with  parameters  analogous  to  those  of 
PSDDF,  enables  to  provide  the  research  of  these  di¬ 
rection  finders  with  the  use  of  a  common  method. 
This  allows  simplifying  essentially  the  analysis  of 
direction  finders. 

The  purpose  of  the  publication  is  to  derive  the  con¬ 
clusion  of  the  equation  of  DFC  with  parameters  simi¬ 
lar  to  those  of  the  PSDDF  DFC  equation. 

Amplitudes  of  input  signals  of  ASDDF  will  be 

(<,  0)  =  U-  Fi (0)  ■  cos(a>0<  +  V’o) ;  (4) 

U2{t,0)  =  U  ■Fi{0)'  cos(wo<  +  V’o) .  (5) 


Fig.  2.  The  main  lobes  of  ASDDF  antennas  ampli¬ 
tude  RPs:  0h  is  a  bias  of  RPs  Fi{0)  and 
F2{0)  with  regard  to  ESD 


The  ^^ariant  of  Equation  of  Direction  Finding  Characteristic  of  the  Amplitude  Sum-Difference  Direction  Finder 


where  U  is  the  amplitude  of  a  signal  received  in  the 
direction  of  the  antenna  amplitude  RP  maximum; 
cvq  is  a  carrier  frequency  of  a  radio  signal;  cpo  is  the 
initial  phase  of  a  radio  signal;  the  output  signals  of 
the  sum  and  difference  devices  are  equal,  respec¬ 
tively,  to 

•  Ft{e)  •  cos(a;o^  -h  (^q)  ;  (6) 

•  F,,{e)  •  cos(wo^  +  <^o) ,  (7) 

where  Ff{e)  =  Fi{e)  +  F2{6)  and  Fr{6)  = 
—  Fi{6)  +  F^iB)  are  the  antenna  system  sum  and 
difference  amplitude  RP  of  the  DD. 

The  main  amplitude  RP  lobes  in  the  direction 
finder  plane  (Fig.  2)  may  be  approximated  by 
functions  given  in  [3] 

Fi(i9)  ==  cos[kdd  •  {6t  -  6)] ;  (8) 

F2{e)  =  cos[kdd^{^e,--e)i  (9) 

where  k^d  is  the  multiplier  describing  the  directive 
properties  of  the  antenna  in  the  plane  of  direction 
finding. 

The  kdd  size  can  be  defined  by  the  formula 


where  A^o,5P  is  the  angular  width  of  the  half  power 

amplitude  RP  of  the  antenna. 

The  size  B^,  (Fig.  2)  is  defined  by  the  equality  [2] 


Substituting  (10)  in  (8)  and  (9)  and  taking  into  ac¬ 
count  (1 1),  we  have 


cos(^-0,); 


where  —  kddB  is  a  generalized  direction  finder 
angle  with  respect  to  direction  finder  ESD, 

The  sum  and  difference  RPs  of  the  direction  finder 
antenna  system  are  equal,  respectively,  to 

F,{e)  =  ^cos(9,);  (14) 

F,.{e)  =  y/2sm(9b).  (15) 


Substituting  (14)  and  (15)  in  (6)  and  (7),  corre¬ 
spondingly,  we  shall  obtain  intermediate  frequency 
signals  of  the  sum  and  difference  channels  at  the 
inputs  of  the  phase  detector: 

%n {t, 9)  =  KU COS (9,,) cos{uii„t  +  ipoi„ ) ;  (16) 
«rin(*.^)  =  KU  sm{9i  )cOs{u)i„t  +  ^Oin)  ,  (17) 
where  K  is  the  receiver  gain;  are  the  signal 
intermediate  frequencies;  are  the  initial  sig¬ 
nal  phases  at  the  outputs  of  the  receiver. 

At  the  output  of  the  direction  finder  phase  detector, 
the  signal,  after  filtration  of  its  low  frequency  compo¬ 
nent,  with  account  of  the  receiver  automatic  gain  con¬ 
trol  (the  DFC  equation  of  ASDDF),  is  described  by 
the  expression 


^  /Q\  _  '^tin  ^)^n7i 

MM 


Taking  into  account  that  [1] 


where  d  is  the  dimension  of  the  antenna  aperture  in 
the  plane  of  direction  finding,  we  shall  obtain 


S,{9)  =  tg^^9y  (20) 


The  identity  of  equations  (1)  and  (20)  gives  a  pos¬ 
sibility  to  make  a  conclusion  that  the  DFC  equation  of 
ASDDF  (18)  is  similar  to  that  of  PSDDF  (1).  Applica¬ 
tion  of  analogous  DFC  equations  enables  one  to  carry 
out  the  research  of  these  direction  finders  with  com¬ 
mon  methods,  what  essentially  simplify  their  com¬ 
parative  analysis. 
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Abstract 

The  engineering  solutions  improving  detection  of  air  targets  against  the  clutter 
background  in  pulse  radars  of  ATC  are  substantiated  and  analyzed. 

Keywords:  pulse  modernization,  intcr-period  signal  processing  systems,  pulse  radars, 
adaptive  lattice  filters. 


L  Introduction 

Detection  of  signals  reflected  by  air  targets  moving 
with  arbitrary  radial  speeds  against  the  background  of 
clutters  of  different  nature  is  one  of  the  major  prob¬ 
lems  for  the  broad  class  of  pulse  ATC  radars.  In  the 
majority  of  them,  it  is  solved  at  the  expense  of  using 
the  spectral-correlation  distinction  between  the  re¬ 
flected  useful  and  unwanted  signals,  which  is  condi¬ 
tioned  by  differences  in  speeds  of  moving,  and  in  the 
spatial  characteristics  of  targets  and  sources  of  clutter. 

The  inter-period  processing  IPP  systems  of  present 
radars  accomplishing  these  differences  were  mostly 
elaborated  in  “the  pre-numerical  epoch,”  the  technical 
abilities  of  the  above  mentioned  stations  did  not  allow 
them  to  approach  theoretically  optimal  systems  of 
IPP.  The  modem  standard  and  fast  paces  of  the  ad¬ 
vance  in  digital  signal  processing  technology  allow  to 
essentially  reduce  a  gap  between  the  IPP  achieved 
possibilities  and  its  potentialities.  The  paper  is  de¬ 
voted  to  the  substantiation  and  analysis  of  the  per¬ 
spective  directions  of  this  problem  solution. 

2.  Perspective  Directions 

The  main  direction  consists  in  the  successive  approxi¬ 
mations  of  the  present  IPP  systems  to  statistically  opti¬ 
mal  ones.  The  latter  are  synthesized  by  the  given 
distribution  laws  of  random  M-dimensional  vectors 

U  =  {  It,  of  complex  amplitudes  of  M  radio¬ 
echoes  received  at  adjacent  periods  of  sounding  ( M  - 
element  packets  of  radio  echoes)  from  each  element  of 
a  resolution  range  processed  by  the  IPP  system. 

The  extensive  theoretical  and  experimental  investi¬ 
gations  show  that  the  Gaussian  approximation  of  mu¬ 
tually  independent  item  addends  of  the  additive 


mixture  U  =  Y  -h  7  •  X  (7  =  0,  1 )  of  the  pack  of  a 

target  X  =  {  x,  and  clutter  Y  =  {  with 

the  identical  (zero)  average  values  X  =  Y  =  0 ,  but 
generally  with  the  different  correlation  matrices  (CM) 

of  the  inter-period  fluctuations  =  X  •  X*  and 

Oj  =  Y  •  Y* ,  proved  to  be  well-grounded  for  the 
broad  class  of  pulse  radar  ATC  stations  of  the  decime¬ 
tre  and  centimetre  wave  bands. 

For  such  conditions,  as  is  well-known,  the  proce¬ 
dure  of  the  optimum  detection,  by  the  criterion  of 
Neumann-Pearson,  of  a  useful  signal  (making  deci¬ 
sion  about  the  value  of  a  parameter  7  €  0,  1 )  in¬ 
cludes  stages  of  the  linear  and  non-linear  processing. 

At  the  first  of  them,  the  power  signal  /  (inter¬ 
ference  +  noise)  ratio  (SINR)  for  each  of  m  <  M 
coherent  components  Pi  •  X/  generally  (m  >  1)  of 
non-coherent  useful  signal  X  ==  A  *  X/  with  the 
Gaussian  complex  independent  multipliers  /?/  with 

A  =  0  and  \Pif  l€l,  m ,  is  maximized. 

Such  a  maximum  is  provided  by  the  bilinear  forms 
Pi  =  hi  V*  -Ti  -  Xi  =  /i^  -(H-U)'  -(H-X/), 

/  €  1,  m ,  which  are  formed  by  transforming  a  vector 
of  the  processed  signals  U  and  (or)  reference  vectors 
hi  •  Xi  in  inverting  or  whitening  filters  with  matrix 

pulse  characteristics  (MPC)  Ti*  =  or  “root 
square”  H  from  them,  which  satisfy  the  equation 

H*  H  =  . 

The  second  stage  presumes  summation  of  modulus 
squares  (non-coherent  integration)  of  results  of  linear 
processing,  and  comparison  of  the  obtained  sum 

^  ^  threshold  level,  which  ensures 

the  given  false  alarm  probability  F . 
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In  a  particular  case  of  the  non-coherent  signals  with  in¬ 
dependent  fTast”)  fluctuations  of  pulses  of  a  pack 

(Xi  •  Xj  —  0 ,  i  ^  j,  \x.i  p  =  ,i,  j  e  I,  M ),  optimal 

pre-threshold  statistics  =  W*  •  W  =  or 

^2  =  V*  •  V  =  are  formed  by  non-coherent 

integration  of  signals  W  =  =  Ti  •  U  or 

V  =  { }^i  =  H  •  U  from  all  M  outputs  of  the  in¬ 
verting  or  whitening  filters,  respectively. 

In  the  case  that  is  more  characteristic  for  conditions 
of  ATC  radars  with  coherent  commonly  -  “amicably 
fluctuating”  packs  of  useful  signals  (  m  =  1 )  squared 
modulus  of  the  result  of  coherent  integration 
p  —  W*  •  X  of  output  signals  of  the  inverting  or, 
with  insignificant  losses,  the  whitening  filters  must  be 
compared  with  a  threshold.  More  simple  non-coherent 
integration  of  output  signals  of  the  latter  is  accompa¬ 
nied  with  the  loss  of  energy  of  a  threshold  signal,  if 
F  =  10“^’  and  M  ^  1  does  not  exceed 
(1.5  -i-  M/35  )  times. 

As  a  rule,  exact  realization  of  all  stages  of  the  op¬ 
timal  processing  is  impossible  because  of  lack  of  a 
priori  knowledge  of  various  and  dynamically  chang¬ 
ing  in  time  CMs  of  useful  signals  and  interferences.  In 
present  systems  of  IPP,  which  can  be  conditionally 
subdivided  into  the  filter  and  compensating  filter 
ones,  only  some  approaches  to  them  are  realized. 

3.  IPP  Filter  Systems 

The  squared  modules  of  the  output  signals 

=  U*  •  X{fi)  of  the  comb  filters  of  the  integration 
which  are  linked  to  M  anticipated  coherent  signals 
X{fi)  to  the  Doppler  frequencies^,  Z  €  1,  M  are 
used  in  a  role  of  the  pre-threshold  statistics  in  the  IPP 
filter  systems.  Such  matched  processing  is  far  from 
optimal  because  of  the  absence  of  the  whitening  or 
inverting  comb  filters,  which  ensure  the  suppression 
of  interferences.  The  losses,  conditioned  by  it,  under 
conditions  of  powerful  clutter  can  make  tens  of  dB. 
They  decrease  at  the  coherent  integrating  of  a  kind 

=  u*  •  D  •  X{fi)  with  a  specially  diagonal  matrix 

of  “weighing”  D ,  but  can  be  inadmissibly  large  in 
this  case  as  well. 

4.  IPP  Compensating  Filter  Systems 

IPP  compensating-filter  systems  of  ATC  radar  usually 
contain  non-adaptive  systems  of  inter-period  equaliza¬ 
tion  IPE  of  clutter  with  different  multiplicity  and  inte¬ 
grations  (coherent  or  non-coherent)  of  pulses  of  the 
useful  signal  pack  at  their  output.  Such  a  construction 
is  closer  to  optimal,  but  has  serious  practical  defects 
due  to  the  imperfection  of  the  used  IPE  systems, 
which  have  a  fixed  MPC  differing  from  MPC  of  whit¬ 
ening  or  inverting  filters  of  clutters. 


In  this  paper,  some  technical  solutions  of  the  mod¬ 
ernization  of  present  systems  of  the  IPC  on  the  basis 
of  their  analysis  are  offered.  They  consist  in  the  stabi¬ 
lization  of  the  clutter  power  at  the  input  and  outputs  of 
IPC  all  stages,  the  refusal  of  equilibrium  subtraction 
in  them  for  the  benefit  of  non-equilibrium,  the  integra¬ 
tion  (coherent  or  non-coherent)  of  signals  not  only  at 
the  input  of  the  latter,  but  also  at  the  input  and  outputs 
of  IPC  all  stages.  At  the  expense  of  these  measures  in 
standard  radars  with  wobble  of  the  period  of  sound¬ 
ing,  the  quality  of  the  detection  of  moving  targets 
against  the  clutter  from  fixed  local  subjects  improves 
(the  gain  can  constitute  5..  10  dB),  and  the  detection  of 
usefiil  signals,  whose  power  is  higher  than  the  iiiter- 
ference  power,  from  the  targets  with  zero  radial  speed, 
is  also  possible.  The  latter  of  mentioned  problems  is 
solved  in  this  case  without  usage  of  known  enough 
complex  systems  of  scan-to-scan  processing. 

TTie  problem  of  the  detection  of  air  targets  against 
the  background  of  passive  interferences  with  a  com¬ 
plex  spectrum  of  inter-period  fluctuations,  which  are 
conditioned  by  combination  of  reflections  from  fixed 
local  subjects  and  travelling  hydrometeors,  is  actual 
for  the  ATC  radars  of  both  centimetre  and  decimetre 
wave  bands.  Its  solution  demands  further  approaching 
of  IPP  to  the  optimal  at  the  expense  of  transition  of 
non-adaptive  or  partially  adaptive  (items  5)  systems  of 
IPC  to  the  adaptive  inverting  or  whitening  filters  with 
variables  MPC,  which  are  proportional  to  the  “good” 

estimates  or  f  of  a  priori  unknown  and  time- 
varying  matrices  or  I  respectively. 

The  authors  of  this  paper  have  worked  out  lattice 
filters  (LF)  representing  regular  association  of  “the 
elementary  lattice  filters  (ELF)”  -  two-input-output 
filters  with  cross  connections,  which  can  be  practi¬ 
cally  expediently  used  as  a  structural  basis  of  such 
filters.  The  adapting  of  the  whitening  and  inverting 
LF  as  a  whole  doesn't  demand  the  direct  forming  of 

matrices  f  or  Yf  —  f  *  •  f  and  is  reduced  only  to 
the  parameter  estimation  of  ELF  of  the  whitening  LF. 
There  have  been  designed  different  algorithms  of  the 
formation  of  maximum  likelihood  (ML)  estimations 
of  these  parameters  by  readings  of  the  entrance  proc¬ 
ess  in  the  distance  sliding  “window”,  including  recur¬ 
rent  algorithms,  whose  computational  complexity 
doesn't  depend  on  dimensions  of  “window”  (a  volume 
of  a  training  sample).  It  is  shown  that  on  the  basis  of 
these  ML  estimations,  the  close  to  the  potential  effi¬ 
ciency  of  the  adaptive  IPP  is  provided  in  a  quite  ac¬ 
cessible  to  the  majority  of  practical  situations  volume 
of  a  training  sample,  which  exceeds  the  multiplicity  of 
the  intra-period  compensation  of  interferences  in  3- 
5  times  (an  order  of  the  adaptive  whitening  LF). 

Numerous  theoretical,  as  well  as  semi-fiill-scale 
experiments,  which  have  been  carried  out  so  far,  have 
confirmed  the  essential  advantages  of  the  developed 
adaptive  systems  of  IPP  on  the  basis  of  the  adaptive 
LF  as  compared  with  existing  filter  and  compensat¬ 
ing-filter  systems  of  IPP  of  pulse  ATC  radars. 
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Abstract 

The  variant  of  creation  of  a  measurer  of  reception  direction  of  a  signal  against  the 
spatially-correlated  interference  by  the  maximum  likelihood  method  with  the  use  of 
the  adaptive  antenna,  which  simultaneously  provides  minimum  values  of  the  variance 
and  biases,  is  given.  The  minimization  of  errors  is  achieved  without  the  automatic 
correction  of  the  array  radiation  pattern  after  adaptive  compensation  of  interference 
and  without  the  increase  of  the  variance  of  the  biased  estimate. 


1.  Introduction 

The  adaptation  of  antennas  to  external  interferences 
essentially  complicates  the  problem  of  measuring  an¬ 
gular  coordinates  of  target-sources  of  useful  determi¬ 
nistic  signals  [1-4].  In  this  case,  the  maximum 
likelihood  estimates  are  biased  [3-5],  what  requires 
special  correction  measures.  Frequently  [4-5  etc.],  the 
bias  of  estimate  is  being  eliminated  by  the  automatic 
correction  of  the  adaptive  array  radiation  pattern  (RP) 
by  normalization  of  the  output  by  a  detection  parame¬ 
ter.  However,  this  results  in  the  increase  of  the  meas¬ 
urement  error  variance.  Optimal  measurers  are  charac¬ 
terized  by  simultaneously  minimum  values  of  the 
estimate  variance  and  bias  [6]. 

The  purpose  of  the  paper  is  the  substantiation  of  a 
structure  of  a  multichannel  measurer  of  direction  of 
signal  reception  (DSR)  in  radar  with  an  adaptive  an¬ 


tenna  array  (AAA),  which  simultaneously  provides 
minimum  variance  and  bias  of  the  estimate.  It  is 
shown  that  it  is  possible  to  derive  the  algorithm  of  the 
unbiased  estimate  from  the  maximum  likelihood 
equation. 

The  adaptation  to  the  external  interference  influ¬ 
ences  on  results  of  current  and  tracking  measure¬ 
ments.  The  influence  on  the  latter  displays  itself 
through  results  of  the  current  measurements.  In  this 
case,  the  increase  of  the  current  measurement  variance 
leads  to  the  increase  of  duration  of  the  transient  proc¬ 
ess  and  the  variance  of  a  tracking  measurer  in  steady 
mode.  In  Fig,  1,  the  ratio  of  the  tracking  measurement 
variance  to  the  maneuver  variance  versus  the  number 
of  a  measurement  cycle  for  fixed  values  of  current 
measurement  variances  is  shown.  Therefore  hereinaf¬ 
ter  main  attention  is  paid  to  the  research  of  the  accu¬ 
racy  of  current  measurements  of  the  angular  position 
under  conditions  of  correlated  interferences  impact. 


2.  Algorithms  of  Determination  of 
Maximum  Likelihood  Estimates 

The  maximum  likelihood  estimate  of  direction  of  sig¬ 
nal  a  reception  usually  is  found  by  the  following: 
maximum  of  logarithm  of  the  likelihood  ratio 
InL(a)  obtained  after  averaging  over  random  am¬ 
plitude  and  initial  phase  of  the  deterministic  signal 
[2, 4];  maximum  of  the  module  of  a  weight  integral 

|z<a)| ;  maximum  of  the  module  of  the  normalized 
weight  integral  |Z/  <a)|  [4]: 


InLiay  = 


(a)  Zf 

4(1  4- 


-ln(l  +  9^(Q:)/2),(l) 
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|Z(Q)|=  i  (2) 

-OC 

1^,  (a)f  =  |^(a)|Y9^a)  (3) 

where  g^(ay  =  ^f  (t^a)R*  (t^a)dt  is  the 

detection  parameter;  Y(t),  X(t^a),  R(t,a)  are 
the  column  vectors  of  complex  amplitudes  of  the  re¬ 
ceived  oscillation,  the  expected  signal  and  the  weight¬ 
ing  functions,  respectively;  and  X(^,a),  R(t,a)  are 
divided  into  space  X<a),  Rea)  and  time  X(t), 

Rit)  multipliers;  the  star  *  denotes  transposition  and 
complex  conjugation;  a  is  the  generalized  angular 
parameter  expressed  in  shares  of  the  half-width  RP  of 
the  array. 

As  a  result  of  application  of  statistics  (1)  and  (2) 
for  measurements,  the  estimate  of  DSR  is  biased,  but 
with  the  variance  smaller,  than  that  of  the  unbiased 
estimate  obtained  with  statistics  (3)  [7].  Therefore  for 
the  optimization  of  measurements,  it  is  expedient  to 
choose  the  algorithm  (1)  or  (2)  and  to  provide  mini¬ 
mization  of  bias. 

Further,  the  optimization  of  DSR  measurements  for 
maximum  |Z<a)|  is  considered.  It  is  stipulated  both 

by  simplicity  of  the  technical  realization  of  |Z<a)| 

and  by  wide  application  in  the  measurers  for  estima¬ 
tion  of  signal  parameters  against  the  background  of 
uncorrelated  noise. 

3.  Measurer  of  Direction  of  Signal 
Reception  with  Minimization  of 
THE  Estimate  Variance  and  Bias 

A  possible  version  of  the  block  diagram  of  the  DSR 
measurer  to  be  constructed  for  radar  with  a  linear 
equidistant  array  is  presented  in  Fig.  2. 


KC  ) 


Fig.  2. 


The  given  measurer  incorporates  a  main  channel 
and  an  additional  measurer.  The  main  channel  repre¬ 
sents  a  typical  system  for  many  radars  with  sum- 
difference  signal  processing.  It  includes:  the  antenna 
array;  the  block  of  evaluation  of  inverse  correlation 
matrix  of  interferences;  the  matrix  multipliers  for 

shaping  a  space  weight  vector  R(ao)  =  6"^6(qo) 
(for  a  sum  channel)  and  its  derivative 
R’(ao)  =  6”^6'(ao)  (for  difference  channels).  As¬ 
semblage  of  these  elements,  and  also  the  sensor  of 
directions  of  the  expected  signal  (ES)  and  the  refer¬ 
ence  signal  (RS),  the  block  of  evaluation  of  these  sig¬ 
nals  provide  shaping  of  the  DSR  estimate  at  the 
output  of  the  measurer  1  (the  direction-finder)  accord¬ 
ing  to  the  algorithm 

|Z(o)| 

The  measurer  2  is  intended  for  obtaining  an  esti¬ 
mate  of  direction  of  RS  reception,  which  is  assumed 
to  be  arbitrary  known  value  .  Algorithms  of  meas¬ 
urers  land  2  are  Identical  and  determined  by  the  ex¬ 
pression  (4).  The  value  of  the  output  signal  of 
measurer  1  U0i{a[^,af.)  corresponds  to  the  biased 
estimate  of  the  reception  direction.  At  the  output  of 
the  measurer  2,  the  direction-finding  performance 
with  RS  biased  zero  is  formed.  Signals  at  outputs  of 
measurers  1  and  2  take  identical  values  under  over¬ 
lapping  of  ES  and  RS  directions.  Therefore  at  the  out¬ 
put  of  the  adder,  the  adjusted  direction-finding 
performance  is  formed,  whose  zero  corresponds  to  ES 
reception  direction.  This  is  illustrated  by  the  results  of 
the  mathematical  simulation.  It  was  conducted  for  the 
linear  equidistant  array  consisted  of  ten  elements,  tak¬ 
ing  into  account  various  interference  situations  and 
different  DSRs,  with  respect  to  the  fixed  RP.  The  in¬ 
terference  represents  the  additive  mixture  of  internal 
noise  and  external  correlated  interference. 

Fig.  3  shows  direction-finding  performances  being 
the  results  of  simulation  for  various  positions  of  a 
signal  source  without  the  bias  compensation  and  after 
it.  In  Fig.  4,  the  analogous  direction-finding  perform¬ 
ances  for  various  positions  of  the  interference  source 
are  presented.  It  is  seen  from  these  figures  that  the 
zero  position  of  the  adjusted  direction-finding  per¬ 
formance  corresponds  to  DSR.  Figs  3,  4  are  depicted 
for  the  known  interference  environment.  The  carried 
out  analysis  of  operation  of  the  offered  device  with 
the  array  adaptation  to  the  varying  interference  envi¬ 
ronment  has  shown  that  the  residual  value  of  the  bias 
constitutes  the  thousandth  proportion  of  the  RP  width, 
what  is  much  less  than  the  fluctuation  measurement 
error.  It  means  that  the  measurement  accuracy  is  de¬ 
termined  by  the  value  of  the  fluctuation  error.  Note 
also,  that  compensation  of  the  bias  does  not  result  in 
modification  of  the  steepness  of  the  direction-finding 
performance,  and  consequently,  it  does  not  change  the 
variance  of  the  measurement  error  with  respect  to  the 
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one  of  the  bias  estimate.  In  the  offered  measurer,  as 
distinct  from  [7],  we  succeeded  in  eliminating  the  bias 
at  the  array  fixed  RP. 


4.  Conclusion 

•  It  is  shown,  that,  when  receiving  with  AAA  a  sig¬ 
nal  against  the  background  of  spatially-correlated 
Interference,  it  is  possible  to  use  effectively  the 
algorithm  of  the  maximum  likelihood  estimate 
over  the  maximum  of  the  complex  weight  integral 
module  with  consequent  compensation  of  bias. 

•  The  structure  of  the  DSR  measurer  using  AAA  is 
offered,  which  provides  the  estimate  minimum 
variance  and  bias. 
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Abstract 

The  opportunity  of  using  supersolution  algorithm  in  radar-location  system  to  spa¬ 
tial  selection  of  signals  scattered  from  targets  is  considered  in  the  r.  The  analysis  of 
rate  of  signal  correlation  in  temporal  and  space  parameters  is  given.  The  conditions 
which  signals  are  uncorrelated  or  rate  of  correlation  is  less  than  the  given  value  are 
defined.  The  algorithm  of  treatment  of  radar  signals  is  proposed  on  the  base  of  the 
given  expressions  and  its  efficiency  is  evaluated.  The  results  of  numerical  simulations 
of  spatial  selection  of  signal  reflected  from  various  targets  performed  on  the  basis  of 
both  classical  algorithm  and  suggested  algorithm  are  carried  out. 

Keywords',  radar-location  system;  vector  of  weight  coefficients;  covariance  matrix; 
space  signal  selection. 


1.  Introduction 

One  of  the  basic  peculiarities  of  functioning  of  the 
modem  radar-location  systems  (RLS)  is  a  necessity  of 
simultaneous  discoveries  and  distinguishing  a  great 
number  of  signals,  reflected  from  different  targets.  For 
discriminating  by  angular  direction  the  radiators  sys¬ 
tem  can  be  used  united  in  antenna  array  (AA)  output 
signals  of  which  sum  up  then  with  some  weights  as  in 
Bakhrakh  and  Voskresensky  (1989).  However,  the 
classical  method  based  on  in-phase  summarizing  with 
equal  weights  has  a  number  of  shortcomings  the  prin¬ 
cipal  of  which  is  the  “undistinguishing”  of  weaker  by 
power  signals  as  in  Monzingo  and  Miller  (1980). 

2.  Formulation  OF  THE  Problem 

One  of  the  methods  of  approach  to  overcome  this 
drawback  is  the  using  algorithms  of  supersolution 
which  are  considered  as  in  Monzingo  and  Miller 
(1980)  and  in  Gabriefan  et  al.  (2002).  The  possibility 
of  using  this  method  for  distinguishing  uncorrelated 
signals  in  RLS  is  determined  by  the  weak  correlation 
of  signals  reflected  from  the  different  targets.  The 
justification  of  weak  correlation  of  radar-locating  sig¬ 
nals  will  be  shown  below. 

2.1.  Setting  THE  Problem 

Let  us  consider  antenna  array  of  M  -elements  which 
is  subjected  to  the  acting  of  L  signals  from  different 
targets.  It  is  necessary  to  develop  the  algorithm  of 
treatment  of  signals  reflected  from  various  targets 
signals  guaranteeing  resolution  of  signals  independ¬ 
ently  from  their  levels. 


2.2  DESCRIPTION  OF  ANTENNA  SIGNALS 
The  output  signal  of  antenna  array  U{t)  can  be  put 
down  as 


U{t)=^Y{t)W'^,  (1) 

Y{t)  =  N{t)  +  '^S,Ut{t),  (2) 

/=! 

where  Y (t)  is  M-element  row  vector  of  output  signals  of 
AA  radiators;  Si  is  a  row  vector  of  dimension  1  x  M 
the  elements  of  which  are  defined  by  the  correlation 


um  = 


A 

0, 


i  <  2^  +  r, 
c  ~  c  ’(4) 

in  opposite  case, 


that  corresponds  to  the  use  of  impulse  signals  duration 
r  in  operating  radar-location  system. 

In  expressions  (3),  (4)  Vi{t)  is  the  function  describing 
the  temporary  dependence  of  signal  reflected  from  /-th 
target;  W  is  row  vector  of  weights  coefficients  (VWC): 

W  =  } ; 

+  Vm  sin(^)cOS0^  + 

sin^/; 

c  isthe  velocity  of  light;  r  is  the  duration  of  radiated 
impulses;  Xj^^ymy^m  are  coordinates  of  w-th  radiator; 
A  is  the  operating  wave  length;  Ri,6i,(pi  are  coordi¬ 
nates  of  /-th  target  in  spherical  coordinate  system 


^(0  =  {«i(0, "2(0, -,%/(<)},  (5) 
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N{t)  is  a  row  vector  of  signals  of  thermal  noises  in 
radiators. 

2.3 .  The  algorithm  of  Weight 
Summarizing 

For  realizing  weight  summarizing  of  signals  in  AA 
channel  the  vector  of  weight  coefficients  will  be  cho¬ 
sen  on  the  basis  of  correlation  as  in  Monzingo  and 
Miller  (1980) 

W  =  (A*  (6) 

in  which 

=  (7) 

In  formula  (7)  R  is  the  covariance  matrix  of  sig¬ 
nals  dimension  of  M  x  M ,  {•}  is  operation  of  aver¬ 
aging  by  time. 

Direction  of  vector  A  (row  vector  lx  M)  defines 
the  orientation  of  the  main  lobe  of  pattern  of  a  receiv¬ 
ing  antenna  in  direction  6q^(Pq  in  the  space  and  its 
elements  are  defined  by  formula: 

a„,  =  exp{i2nX-^<i>ix„„y„„z,„,eo,(po )} .  (8) 

In  the  case  of  selection  of  vector  of  weight  coeffi¬ 
cients  are  based  on  correlation 

=  dm  »  (9) 

the  algorithm  of  treatment  coincides  with  the  classical 
algorithm.  This  case  is  realized  by  substituting  covari¬ 
ance  matrix  R  by  unity  matrix.  Physical  interpreta¬ 
tion  of  this  replacement  consists  in  refusal  of  account 
of  spatial  correlation  of  output  signals  of  antenna  ar¬ 
ray  radiators. 

2.4.  Evaluation  OF  RATE  OF  SIGNAL 
Correlation 

The  output  signal  of  w-th  radiator  caused  by  /-th  tar¬ 
get  on  the  basis  of  radar  equation  as  in  Scolnik  (1970) 
is  defined  using  formula  (3)  by  equality 

Pi  =  B{9i  -  00, (Pi  -  <po)D,„\‘^(7iRf*,  (10) 

in  which  B{0i  -  Is  a  factor  considering 

static  coefficients  and  parameters  of  a  radiating  an¬ 
tenna;  (Ti  is  effective  surface  of  scattering  of  /-th  tar¬ 
get;  is  directivity  coefficient  of  w-th  element. 

Expressions  (2),  (3),  (7)  and  (10)  allow  to  present 
the  elements  of  covariance  matrix  R  as 

L  L 

nnt  =  X)X^exp[-i27rA-*((^2;„„2/„„2„„6>,,y)i)]x 

1=1  q=l 

X  exp[i27rA- V(a:(  ,yt,Zt,6g,iPg)]x 

xB(9i  -0o,(pi  -  (Po)B’{9g  -  0o,9q  -  <Po)  X  (1 1 ) 


From  the  correlation  (11)  it  follows  that 
{ui{t)u*{t)}  ^  0  only  if  |i?(  -  J<^  |  <  -y .  In  the  case 
of  targets  which  distances  satisfy  condition 
-  i^l  >  —  the  correlation  scattered  from  these 

targets  signals  is  zero  =  0 .  The  last  con¬ 

dition  corresponds  to  resolution  targets  in  distance. 

For  items  from  (10)  corresponding  to  targets  that 
have  different  angular  positions  the  following  ine¬ 
qualities  are  correct 

|5(^x  “  ^0,‘Px  -  Po)B*{Oi  -  00, -  ^)|  «  5(0,0), 

X  Ij . . . ,  2/;  ^  =  Ij . . . ,  Zf, 

(12) 

Formula  (12)  shows  that  the  rate  of  spatial  correla¬ 
tion  of  signals  reflected  from  various  targets  is  evalu¬ 
ated  by  the  level  of  sidelobes  of  pattern  of 
transmitting  antenna  of  radar-location  system.  As  a 
rule  this  level  is  less  than  -10  dB, 

Thus  on  the  base  of  the  fulfilled  analysis  we  can 
consider  that  signals  from  the  different  targets  re¬ 
ceived  by  AA  are  uncorrelated.  Consequently  the 
elements  r,nf  in  supposition  that  thermal  noises  pre¬ 
sent  a  white  Gaussian  noise  are  defined  by  equals 

L 

Tmt  =  ^exp[-j27rA"^((^(a;„„y,„,0,„,6»;,v5,)]x 
;=i 

X  exp[*2ffA~ ,  ^/  ,¥>,)]  x 

4  2  03) 

X\B{01  -  0o,<Pi  -  +  PnS,nt, 

Hi 

m  =  t  = 


in  which  S,nt  is  a  Kronecker  symbol;  P„  =  {94^(0} 

2.5.  The  Results  of  Simulation 

By  using  the  given  correlations  a  numeral  simulating  of 
power  dependence  of  antenna  array  output  signal 

Pi^OtVo)  =  {|^(0P}  was  fulfilled  on  the  basis  of 
application  of  both  classical  algorithm  and  considered 
algorithm  of  supersolution  consequently.  The  results  of 
simulation  are  demonstrated  on  Fig.  1  and  Fig.  2.  In  the 
first  case  the  elements  of  vector  weight  coefficients  are 
chosen  by  expression  (9)  that  corresponds  to  formula 
W  =  ^ .  In  the  second  case  vector  weight  coefficients 
are  defined  by  formula  (6).  It  is  considered  that  both 
transmitting  antenna  and  receiving  antenna  are  circular 
antenna  array  with  32  radiators.  The  radius  of  circle  is 
3A .  The  distance  between  radiator  is  0.6A  The  level 
of  sidelobe  of  pattern  of  transmitting  antenna  in  these 
parameters  is  -1 1  dB.  The  relations  of  power  of  re¬ 
flected  fi-om  various  targets  signals  to  power  of  fliermal 
noise  based  on  expressions  (3),  (4)  and  (10)  are  defined 
by  the  following  values: 

Pi/i’.  =lO-\0i  =1.5«,^  =40“; 
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Fig.  1.  Antenna  array  output  signal  by  using  classi¬ 
cal  algorithm. 


Fig.  2.  Antenna  array  output  signal  by  using  super¬ 
solution  algorithm. 

PijP,,  =40,^2  =25«,</»2  =80"; 

P3/P,,  =10^e3  =40",<^3  =160"; 

=10^fl^  =75",v?4  =  240». 

Given  results  demonstrate  that  application  of  clas¬ 
sical  algorithm  doesn’t  make  it  possible  to  select  tar¬ 
gets  which  signals  have  significantly  distinguishing 


levels.  In  an  opposite  way  application  of  suggested 
algorithm  based  on  the  method  of  superresolution 
makes  it  possible  to  select  signals  from  various  tar¬ 
gets.  This  opportunity  is  independent  from  relations  of 
power  of  signals  reflected  from  various  targets. 

3.  Conclusion 

In  the  paper  the  opportunity  of  application  of  super¬ 
resolution  method  to  distinguishing  signals  reflected 
from  various  targets  is  demonstrated.  It  is  exhibited 
that  an  application  of  impulse  signals  in  operating 
radar-location  systems  and  directive  transmitting  an¬ 
tenna  permits  to  supply  decreasing  of  correlation  level 
to  the  necessary  value.  Consequently  signals  reflected 
from  the  various  targets  may  be  considered  as  invari¬ 
able  signals.  The  receiving  results  demonstrate  that 
proposed  algorithm  in  the  difference  from  the  classi¬ 
cal  algorithm  allows  one  to  distinguish  signals  re¬ 
flected  from  various  targets  independently  from  the 
correlation  of  their  power. 
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Abstract 

This  paper  presents  the  method  of  determination  of  the  amplitude  and  phase  dis¬ 
tribution  in  antenna  plane  aperture.  This  method  is  based  on  homodyne  one,  where 
the  initial  microwave  oscillation  is  heterodyne  one.  The  mobile  probe  unit  consists  of 
proper  antenna  probe  and  reflecting  controlled  phase  shifter.  The  initial  microwave 
oscillation  is  shifted  on  low  frequency  with  reflecting  controlled  phase  shifter.  The 
initial  phase  and  frequency  of  microwave  oscillations  are  eliminated.  Low  frequency 
feeder  with  arbitrary  phase  stability  is  used  to  carry  the  low  frequency  oscillations  to 
mobile  probe  unit.  The  initial  phase  of  low  frequency  oscillations  is  transferred  on 
microwave. 

Keywords:  homodyne  method,  reflecting  controlled  phase  shifter,  low  frequency 
feeder  with  arbitrary  phase  stability. 


1.  Introduction 

The  creation  of  antenna  pattern  measurement  usually 
assumes  the  using  of  far-field  one.  Furthermore,  the 
anechoic  chamber  is  preferable.  In  any  case,  the 
lengthy  antenna  pattern  range  is  necessary  for  far-field 
measurements. 

On  the  other  hand,  it  can  carry  out  antenna  near- 
field  measurements  and  then  determine  the  aerial  pat¬ 
terns.  However,  in  a  number  of  cases,  there  are  many 
difficulties  to  be  dealt  with  when  determining  the  an¬ 
tenna  pattern.  So,  the  two  plane  rotating  of  testing 
plane  aperture  antenna  results  in  great  disparity  of 
measured  and  real  data,  because  of  the  mutual  posi¬ 
tion  of  testing  plane  aperture  and  probe  antenna  is 
changed  during  rotating.  Furthermore,  the  phase  cen¬ 
tre  position  of  testing  antenna  is  usually  unknown.  So, 
it  is  impossible  to  inten)ret  measured  data  adequate. 

The  scanning  of  testing  antenna  aperture  with  an¬ 
tenna  probe  in  a  plane  of  testing  antenna  aperture,  or 
displacement  of  testing  antenna  in  a  plane  of  its  aper¬ 
ture  allows  determine  the  amplitude  and  phase  distri¬ 
bution  in  testing  aperture  plane.  The  converting  of 
measured  data  gives  good  accordance  to  real  antenna 
pattern.  The  using  of  anechoic  chamber  and  lengthy 
antenna  pattern  range  is  not  obligatory  in  this  case. 
However,  the  same  measurement  assumes  the  solving 
of  a  main  problem.  That  is  the  ensuring  of  amplitude 
and  especially  phase  stability  of  mobile  antenna  feed¬ 
ing.  Such  arrangements  make  the  antenna  measure¬ 
ments  veiy  complex  and  expensive. 

In  this  paper  it  is  proposed  to  simplify  a  problem 
with  certain  arrangements. 


2.  Method  Description 

In  this  paper  it  is  proposed  to  use  the  homodyne 
method  of  amplitude  and  phase  measurements,  where 
the  initial  microwave  is  heterodyne  one.  This  method 
let  us  to  eliminate  the  influence  of  uncertainty  of  mi¬ 
crowave  oscillation  initial  phase  on  phase  measuring 
accuracy. 

The  main  problem  of  all  phase  measurements  on 
microwave  is  a  transmitting  of  initial  phase  of  micro- 
wave  to  the  point  of  phase  difference  measuring  with¬ 
out  any  addition  phase  shift.  Any  flexible  antenna 
feeder  does  not  have  phase  stability,  so  it  is  impossi¬ 
ble  to  feed  mobile  antenna  probe  with  one. 

It  is  proposed  to  make  amplitude  and  phase  meas¬ 
urements  in  a  point  of  placing  of  microwave  oscillator 
and  testing  antenna,  which  are  set  hard.  The  phase 
stability  of  hard  and  short  feeder  is  enough  for  phase 
measurements  on  microwave. 

On  the  other  hand,  the  phase  stability  of  any  feeder 
for  low  frequency  is  not  taken  into  account,  because 
of  feeder  length  is  incomparably  smaller  then  low 
frequency  oscillations  wavelength.  The  only  task  had 
to  be  solved  is  the  transferring  of  the  initial  phase  of 
the  low  frequency  oscillations  on  microwave.  Such 
task  can  be  solved  by  heterodyne  method,  which, 
however,  results  in  additional  problems  related  to  the 
heterodyne  synchronization. 

In  this  paper  it  is  suggested  to  abandon  the  syn¬ 
chronization  of  the  microwave  by  low  frequency  os¬ 
cillations  and  to  use  the  origin  microwave  as 
heterodyne  oscillations  with  the  same  initial  phase 
and  a  frequency  shift.  This  frequency  shift  is  put  into 
microwave  in  terms  of  a  monotonous  phase  delay  [1]. 
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Amplitude  Phase  Position 


Fig.  1.  Equipment  scheme  for  amplitude  and  phase 
distribution  measurements 

The  change  of  the  microwave  phase  over  the  period 
T  of  the  low  frequency  oscillations  by  2it  is  tanta¬ 
mount  to  the  frequency  shift  of  the  microwave  by  the 
frequency  fi  =  27r/T .  In  this  case,  the  initial  phase 
of  the  low  frequency  oscillations  is  transferring  on 
microwave  [2]. 

The  equipment  for  determination  of  amplitude  and 
phase  distribution  in  antenna  aperture  plane  consists 
of  (Fig.l)  microwave  oscillator  MW  OSC,  microwave 
circulator,  testing  antenna  A,  mixer  MIX,  low  fre¬ 
quency  amplifier  AMPL,  limiter  LIM,  amplitude  and 
phase  detectors  AD  and  PD,  controller  CTRL,  antenna 
probe  P  and  reflecting  controlled  phase  shifter  RCPS. 

It  can  describe  the  microwave  oscillations,  which  are 
generated  with  microwave  oscillator,  as 

u^{t)  =  Uq  •  s\n{ut  +  (po) ,  (1) 

where  Uq  is  the  amplitude,  u)  is  the  frequency,  (po  is 
the  initial  phase.  The  received  with  antenna  probe 
oscillations  are  characterized  by  following  expression 

Vr2{t)  —  Uq  •  R‘  sin(a;f  +  v?o  +  »  (2) 

where  R  is  the  generalized  multiplier,  taking  into 
account  all  feeder  transferring  coefficients,  A(p  is  the 
phase  shift  which  characterizes  the  phase  distribution 
in  certain  point  of  antenna  aperture.  In  the  mobile  unit 
reflecting  phase  shifter  realizes  the  phase  change  law, 
described  above.  Controller  forms  the  low  frequency 
oscillations  and  creates  the  movement  of  mobile  unit. 

Thus,  the  microwave  obtains  frequency  shift  ac¬ 
cording  to  the  law 

%(0  =  Uq-  R-  sin((a;  -f  Q)t  -f-  +  Pi)  >(3) 

where  (pi  is  the  initial  phase  of  the  low  frequency 
oscillation.  Transformed  with  the  frequency  and  phase 
microwave  are  radiated  back  and  are  received  with 
testing  antenna.  The  received  oscillations  are  charac¬ 
terized  by  the  expression 

u^{t)  =  Uq  •  •  sin((u;  +  +  (A)  +  2A(p  -f-  ,(4) 


and  are  mixed  with  the  origin  microwave  with  the 
mixer.  The  difference  of  these  microwave  oscillations 
is  described  by  the  expression 

u^{t)  =  Uq  •  R!^  •  sm{Qt  -f  2A(p  +  <Pi) .  (5) 

From  (5)  it  is  shown  that  the  frequency  a;  and  the 
initial  phase  (po  of  the  origin  microwave  oscillations 

are  missing,  the  factor  defines  the  amplitude  in 
certain  point  of  antenna  aperture,  2A^p  is  character¬ 
ized  the  phase  in  that  point.  This  difference  is  selected 
and  amplified  with  low  frequency  amplifier. 

The  amplitude  detector  picks  up  signal  Ua{x,y), 
which  is  in  a  common  case  changed  in  dependence  on 
antenna  probe  position  as  follows 
=  ^0  '  where  Uq  is  the  general¬ 

ized  amplitude  factor  which  is  not  changed  over  a  time 
band  and  takes  into  account  transfer  ratios  of  the  all 
parts  of  the  equipment,  R^{x,y)  characterizes  the  am¬ 
plitude  distribution  in  antenna  aperture  plane  XOY  . 

The  phase  detector  with  the  low  frequency  control¬ 
ler  signal  picks  up  the  Up{x^y) ,  which  is  changed  in 

dependence  on  antenna  probe  position  in  a  common 
case  too.  This  signal  is  changed  according  to  the  law 
Up{x,y)  =  US{2Aip{x,y)  -\-p2-p1),  where  is 
the  initial  phase  of  the  low  frequency  controller  oscil¬ 
lations,  U^  is  phase  detector  transfer  constant, 
2A(p{x,y)  characterizes  the  phase  distribution  in  an¬ 
tenna  aperture  plane. 

3.  Conclusion 

Thus,  it  is  possible  to  determine  the  amplitude  and 
phase  distribution  in  antenna  aperture  plane.  No  rotary 
microwave  adapters  or  flexible  microwave  feeders  are 
used  according  to  presented  method.  The  cost  of 
measurement  equipment  is  low,  because  of  all  signal 
processing  is  carried  out  on  low  frequencies. 

The  antenna  probe  and  reflecting  phase  shifter  di¬ 
mensions,  which  arrange  the  mobile  unit,  are  small. 
The  low  frequency  feeder  thickness  can  be  chosen  as 
small  as  possible.  All  of  mentioned  above  results  does 
not  significantly  change  in  real  amplitude  and  phase 
distribution  in  antenna  aperture  plane.  So,  the  antenna 
pattern  can  be  calculated  with  high  accuracy. 

References 

1.  J,  S.  Jaffe,  R.  C.  Mackey,  “Microwave  Frequency 
Translator”  IEEE  Trans.  MTT,  vol.  MTT-13,  May 
1965,  pp  371- 378. 

2.  I.  B.  Shirokov  "Amplitude  and  Phase  Difference 
Measurements  Device”  AC  SU  1486942  G  01  R 
19/04, 25/00. 


388  International  Conference  on  Antenna  Theory  and  Techniques,  9-1 2  September,  2003,  Sevastopol,  Ukraine 


International  Conference  on  ^\ntenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  pp,  389-393 


COMPUTER  SIMULATION  OF  TARGET 
BACKSCATTERING  AS  ELEMENT  OF 
PERSPECTIVE  RADAR  DESIGN 

S.  P.  Leshchenko,  V.  M.  Orlenko,  Y.  D,  Shirman 

Kharkov  Military  University  (KMU),  Kharkov,  Ukraine 
<cliver@bestnet.kharkov.ua,  vorlenko@vl.kharkov.ua> 
<ysh@vl.kharkov.ua> 


Abstract 

Method  of  computer  simulation  of  aerial  target  backscattering  is  described.  It  is 
used  for  comparative  study  of  wideband  and  narrowband  radar  signals  in  application 
to  radar  recognition,  detection,  coordinate  measurement,  and  tracking.  It  is  shown  on 
the  basis  of  examples  that  computer  simulation  becomes  an  important  element  of  the 
perspective  radar  design. 

Keywords:  computer  simulation,  radar  backscattering,  bodies  of  simple  shape  (simple 
components),  aerial  targets,  radar  detection,  radar  recognition,  radar 
tracking. 


1.  Purpose  and  Method  of  the 
Simulation 

The  radar  problem  solutions  convictive  for  the  radar 
designer  can  be  usually  obtained  by  field  tests.  How¬ 
ever,  large-scale  comparative  field  tests  are  not  car¬ 
ried  out  yet  for  recognition,  detection,  and  tracking 
variants  with  various  signal  bandwidths.  Pure  theo¬ 
retical  consideration  of  such  problems  (recognition 
especially)  is  often  impossible  due  to  lack  of  neces¬ 
sary  initial  data  on  the  target  backscattering.  There¬ 
fore,  simulation  methods  have  to  be  used. 

The  target  backscattering  model  must  account  for 
the  target  shape,  presence  of  fast  rotating  elements 
(compressor,  turbine,  and  prop  blades),  polarization 
features,  and  dynamics  of  flight  in  turbulent  atmos¬ 
phere.  This  model  happens  to  be  much  more  complex 
than  those  commonly  used  to  study  the  detection  and 
tracking  of  a  point  target. 

It  can  be  assumed  in  quasi  optical  waveband  that  a 
target  (especially  conductive)  contains  limited  number 
of  local  reflectors  (LR)  [1,  2].  Calculation  of  the  tar¬ 
get’s  scattering  characteristics  can  be  reduced  to  de¬ 
termining  the  coordinates  and  polarization  scattering 
matrices  of  these  LRs. 

The  surface  of  complex  target  is  decomposed  into  a 
set  of  the  bodies  of  relatively  simple  shape.  In  the 
process  of  decomposition  some  simple  bodies  ap¬ 
proximating  the  target’s  surface  can  be  clipped  by 
means  of  the  so  called  limiting  surfaces.  Local  reflec¬ 
tors  not  shadowed  by  others  are  used  then  for  calculat¬ 
ing  the  backscattered  signals.  The  most  common 
limiting  surface  is  a  pair  of  parallel  planes.  This  is 
illustrated  in  Fig.  la,b  [3].  In  Fig.  la  the  simplest 
aircraft  model  is  shown  that  is  composed  from  the 


main  components:  clipped  ellipsoid,  cylinder,  plate, 
wedge  etc.  Fig.  lb  shows  the  pair  of  limiting  planes. 

There  are  different  coordinate  systems  introduced 
for  backscattering  simulation:  1)  Cartesian  and 
spherical  coordinate  system  originated  at  radar;  2) 
Cartesian  coordinate  system  originated  at  target;  and 
3)  Cartesian  coordinate  systems  originated  at  simple 
bodies  (local  coordinate  systems). 

Aerial  target  position  is  determined  by  the  coordi¬ 
nates  of  the  target  mass  center  in  radar  co¬ 

ordinate  system  O^XYZ ,  and  by  orientation  angles  of 
the  target  coordinate  system  O^^rjC  in  the  radar  one 
(course  angle  ij; ,  pitch  angle  $  ,  and  roll  angle  7 ). 

Each  simple  body  and  corresponding  limiting  surfaces 
are  described  in  their  local  coordinate  systems  O^xyz , 
i/  =  where  is  the  number  of  approxi¬ 

mating  bodies  and  limiting  surfaces  used  to  compose  the 
target  model.  Origins  of  local  coordinate  sys¬ 

tems  and  orientation  angles  ,  7^  of  their  axes  are  set 
in  such  a  way  that  corresponding  simple  approximating 
bodies  can  be  described  by  canonical  equations. 


Fig.  1. 
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Fig.  2. 


AH  these  coordinate  systems,  used  for  simulating 
the  different  kinds  of  movement  of  target  and  their  ele¬ 
ments  and  their  backscattering,  are  shown  in  Fig.  2. 

The  following  values  are  found  in  the  process  of 
calculation: 

a)  vector  of  the  wave  propagation  direction  tak¬ 
ing  into  account  the  target  orientation; 

b) the  number  of  LR  and  their  coordinates  taking 
into  account  the  effects  of  their  possible  shadowing  by 
other  target’s  surfaces; 

c)  elements  of  the  polarization  scattering  matrix  of 
each  LR  in  own  polarization  basis. 

The  differential  peculiarity  of  aerial  target  is  the 
presence  of  fast  rotating  elements  on  it.  These  ele¬ 
ments  are:  propeller  and  rotor  blades  of  turboprop 
aircraft  and  helicopters  as  well  as  air  compressor  and 
turbine  blades  of  turbojet  aircraft.  The  radar  signal 
backscattered  from  such  elements  receives  peculiar 
rotational  modulation  that  influences  on  the  character¬ 
istics  of  target  detection,  tracking,  and  recognition. 

The  expression  of  complex  amplitude  of  the  radar 
signal  backscattered  from  aerial  target  at  the  antenna 
input  has  the  form 

^  o  n  rQ  "i  Ql 

X{t)  =  5]  t  -  k  ^  1020  . 

»=1  I  ^  J 

Here  Ai(r®,t)  is  the  polarization  scattering  matrix  of 
i-th  LR  accounting  for  its  possible  nonstationary  nature 
for  the  fast  rotating  elementsr  Sj  is  the  polarization  vec¬ 
tor  of  the  incident  wave;  N  is  the  number  of  illuminated 
LR;  r®  is  the  unit  vector  of  the  incident  wave  direction; 
U{t)  is  the  complex  signal  envelope  at  the  output  of 
matched  processing  device;  p,  is  radius  vector  of  the  /-th 
LR  phase  center;  Q,  is  the  absorption  factor  of  the  /-th 
LR;  /o  is  die  carrier  frequency;  c  is  the  light  velocity. 

Since  all  the  compressor  and  turbine  blades  are 
identical,  the  rotational  modulation  corresponds  to 
periodical  change  in  amplitude  and  phase  of  sinusoi¬ 
dal  signals  with  the  period  of  1  /  .  Here  N  is 

the  number  of  blades,  Frot  is  the  rotation  frequency. 

Amplitude  of  backscattered  signal  is  described  by 
the  equation 


Eit) 
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Here  is  the  RCS  of  a  single  blade  as  a  function 
of  time;  /o  is  the  carrier  frequency;  are  the  con¬ 
stant  initial  phases;  C^,  are  the  constants. 

Propeller  as  a  rotating  structure  differs  from  the  air 
compressor  and  turbine  by  the  fewer  number  of  blades 
and  slower  rotation.  In  the  computer  simulation  model 
each  propeller’s  blade  is  approximated  by  the  ellip¬ 
soid  with  unequal  half  axes. 

Simulated  turbine  and  propeller  modulation  for 
narrowband  signals  coincided  with  that  of  real  targets 
obtained  in  experiments.  Examples  of  such  modula¬ 
tion  obtained  by  simulation  can  be  heard  using  the 
computer  multimedia  capability. 

Simulation  of  target’s  random  movement  in  turbulent 
atmosphere  is  provided  by  the  corresponding  mathe¬ 
matical  model  of  the  aircraft  as  a  dynamic  system. 

The  simulation  method  as  a  whole  allowed  to  ob¬ 
tain  not  only  RCS  of  point  aerial  targets  (where  the 
target  is  much  smaller  than  the  range  resolution  inter¬ 
val),  but  also  their  range  profiles,  which  begin  to  ap¬ 
pear  when  the  range  resolution  interval  is  comparable 
with  the  target  size. 

The  dynamic  of  these  range  profile  change  can  be 
seen  too.  Both  orientation  change  and  turbine  modula¬ 
tion  contribute  to  this  dynamic  of  range  profiles. 

2,  The  First  Simulation  Program  OF 
Real  Targets’  Backscattering 

Our  works  on  backscattering  simulation  were  partly  ac¬ 
complished  by  creation  of  the  computer  program  pub¬ 
lished  by  Artech  House  [3].  This  program  is  capable  of 
calculating  backscattering  of  eleven  aerial  targets.  They 
are:  Tu-16,  B-52,  B-IB  bomber  aircraft,  An-26  transport 
aircraft,  Mig-21,  F-15,  Tornado  tactical  fighter  aircraft, 
ALCM  and  GLCM  cruise  missile,  AH-64  fire  support 
helicopter,  and  decoy  missile.  The  decoy  missile  model 
is  based  on  the  ALCM  cruise  missile  on  which  the  Lu¬ 
nenburg  lens  reflector  with  radar  cross-section  of  10  m^ 
was  installed.  One  more  model  of  the  surface-to  air 
guided  missile  of  the  S-200  antiaircraft  complex  was 
recently  designed. 

Our  program  doesn't  embrace  all  the  target  types, 
newly  built  ones  especially.  But  it  provides  a  good 
tool  to  study  gains  in  quality  of  recognition,  detection 
and  tracking  when  narrowband  radar  signals  are  re¬ 
placed  by  wideband  ones  [2-6].  Besides,  it  operates 
fast  enough  to  be  run  on  personal  computer. 

3.  Application  of  Simulation  to 
Radar  Recognition 

Simulation  method  allows  considering  and  compar¬ 
ing  different  variants  of  Bayesian  and  neural  recogni¬ 
tion  algorithms  for  both  narrowband  and  wideband 
illumination  signals.  Recognition  of  both  aerial  target 
class  and  type  was  considered. 

As  it  has  been  shown  by  simulation  [7],  the  recog¬ 
nition  signatures  of  narrowband  illumination  can  be 
ordered  by  increase  of  information  as  follows: 
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•  normalized  polarization  signatures  in  own  polariza¬ 
tion  basis  (obtained  by  diagonalization  and  nor¬ 
malization  of  polarization  scattering  matrix  (PSM)); 

•  frequency  diversity  of  illumination  signal  with  two 
carrier  frequencies; 

•  amplitude  of  backscattered  signal; 

•  elements  of  non-diagonalized  and  non-normalized 
PSM; 

•  rotational  (propeller,  rotor,  or  turbine)  modulation 
spectra. 

High  potential  probabilities  of  recognition  by  rota¬ 
tional  modulation  signature  decrease  sharply  if  rota¬ 
tion  frequencies  of  turbojet  engine  rotors  are  changed. 
Besides,  the  use  of  this  signature  requires  high  signal- 
to-noise  ratio  (higher  than  40  dB). 

If  only  narrowband  signatures  are  used,  the  reli¬ 
ability  and  information  measure  of  target  type  recog¬ 
nition  are  not  very  high  in  the  whole.  The  reliability 
and  information  measure  of  wideband  signatures  are 
much  higher. 

The  main  recognition  signature  in  the  last  case  is  the 
target’s  range  profile  (RP).  If  the  signal-to-noise  ratio  is 
asymptotically  high,  the  single  RP  provides  practically 
certain  (with  probability  higher  than  0.9)  target  type  rec¬ 
ognition  for  the  signal  bandwidths  exceeding  the  60  MHz. 

Given  the  signal  bandwidth  larger  than  100  MHz 
and  signal-to-noise  ratio  higher  than  24  dB,  the  prob¬ 
ability  of  correct  recognition  of  eleven  target  types 
that  can  be  achieved  is  higher  than  0.85. 

Wideband  illumination  signals  allow  also  obtaining 
the  recognition  signatures  that  are  usually  used  for  a 
narrowband  illumination  signals  (target  RCS  and  ele¬ 
ments  of  PSM).  The  use  of  these  signatures  in  common 
improves  the  recognition  quality,  especially  when  the 
signal’s  bandwidth  is  not  very  high.  If  these  wideband 
and  narrowband  signatures  are  used  together  then,  de¬ 
pending  on  conditions,  the  information  measure  of  the 
target  type  radar  recognition  may  be  greatly  improved. 
Additional  involvement  of  trajectory  signatures  helps  to 
provide  practically  certain  recognition  of  the  target  type 
even  for  the  signal-to-noise  ratio  of  20  dB. 

Correlation  recognition  algorithm  commonly  used 
and  mentioned  above  is  an  approximation  of  additive 
Bayesian  algorithm.  It  is  optimal  only  if  the  signal-to- 
noise  ratio  is  high. 

Bayesian  recognition  algorithm  with  direct  estimation 
of  the  conditional  probability  distributions  of  target  range 
profiles  was  also  introduced.  The  distributions  them¬ 
selves  were  estimated  for  various  targets  using  the  Par- 
zen  window  method  [2].  Applicability  of  such  algorithm 
wouldn’t  be  grounded  if  the  simulation  wasn’t  used. 

Neural  recognition  algorithms  are  other  algorithms 
studied  with  the  help  of  simulation.  They  provide  a 
natural  way  of  adaptation  to  various  interfering  factors 
such  as  uncertain  target  range  and  aspect  relative  to 
radar,  unknown  signal-to-noise  ratio,  etc.  We  have 
chosen  a  common  algorithm  based  on  a  feedforward 
network  with  back  propagation  training.  The  algo¬ 
rithm  was  applied  to  recognition  of  target  classes  and 
types  for  different  signal-to-noise  ratios. 


The  best  way  to  recognize  the  target  type  proved  to  be 
the  use  of  two-stage  neural  algorithm  [8, 9].  It  recognizes 
the  target  class  first  and  then  elaborates  the  target  type 
within  the  class  recognized  only.  The  network  used  for 
the  first  stage  -  class  recognition  -  consisted  of  60  input 
elements,  50  hidden  elements,  and  3  output  elements.  It 
was  trained  to  recognize  single  RPs  of  Tu-16,  B-52,  and 
B-IB  aircraft  as  those  of  the  first  (large-sized)  class  tar¬ 
gets;  Mig-2 1 ,  F- 1 5,  and  Tornado  aircraft  ~  as  those  of  the 
second  (medium-sized)  class  targets;  and  ALCM, 
GLCM,  and  Decoy  cruise  missiles  -  as  those  of  the  Ihird 
(small  sized)  class  targets.  The  RPs  was  obtained  using 
the  chirped  illumination  of  80  MHz  bandwidth.  The 
network  was  trained  using  200  RPs  of  each  target  type. 
Fig.  3  shows  the  dependence  of  probability  of  correct 
class  recognition  on  the  signal-to-noise  ratio. 

Three  additional  neural  networks  were  used  to 
elaborate  target  type  within  each  class.  They  differed 
by  the  lower  number  of  hidden  elements,  20  instead  of 
50.  Fig.  4  shows  the  dependence  of  the  probability  of 
correct  type  recognition  within  the  class  of  large-sized 
targets  listed  above. 

It  is  evident  from  Fig.  3  and  Fig.  4  that  class  recog¬ 
nition  is  more  affected  by  low  signal-to-noise  ratio 
than  the  type  recognition. 

4.  Application  of  Simulation  to 
Radar  Detection 

For  the  case  of  narrowband  signals  commonly  used  in 
radar  the  target  size  is  much  smaller  than  the  range  resolu¬ 
tion  interval.  Quality  of  detection  of  such  "point"  targets 
depends  primarily  on  the  probability  distribution  of  the 
target  RCS.  The  simplified  models  of  the  RCS  fluctua¬ 
tions  such  as  Swerling,  log-normal  and  oflier  distributions 
are  commonly  used  for  the  detection  analysis  in  this  case. 
However,  sueh  distributions  can  vary  not  only  from  one 
target  type  to  another,  but  also  from  one  aspect  sector  to 
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Fig.  6. 


another  for  the  same  target.  The  use  of  simulation  program 
can  reveal  such  differences  in  the  RCS  distributions  [2]. 

So  long  as  die  signal’s  bandwidth  doesn’t  allow  resolu¬ 
tion  of  the  target  elements,  the  detection  direshold  signal 
(and,  consequently,  die  detection  losses)  rises  by  not  more 
dian  0.4  dB  for  each  decade  of  resolution  increase  [10]. 

For  the  case  of  wideband  signals  used  all  the  more 
frequently  in  recent  times  the  targets  become  non  point 
that  has  to  be  accounted  for  in  detection.  Detection  of  a 
non  point  target  presumes  non  coherent  integration  of 
the  backscattered  signal.  Target  RCS’s  fluctuations 
after  non-coherent  integration  are  essentially  reduced. 

Optimal  non  coherent  integration  of  the  backscat¬ 
tered  signals  becomes  somewhat  complicated  by  the 
ambiguity  of  their  form  and  extension.  But  this  ambi¬ 
guity  can  scarcely  be  assumed  complete  because  at 
least  extensions  of  real  targets  are  limited.  Assump¬ 
tion  of  the  target  reflectivity  function  evenly  spread 
within  the  presumed  target  length  leads  to  quasi  opti¬ 
mal  “log-scale”  detector  scheme  (Fig.  5). 

The  name  "log-scale"  is  connected  with  the  loga¬ 
rithmic  dependence  of  the  integration  intervals  in  dif¬ 
ferent  channels. 

Probabilities  of  wideband  (80  MHz)  signal  detection 
using  the  "log-scale"  detector  via  signal-to-noise  ratio 


were  simulated  for  the  large-sized  aircraft  (Tu-16)  and 
small  sized  missile  (ALCM).  This  probabilities  (solid 
lines  in  Fig.  6  and  Fig.  7  respectively)  are  shown  to¬ 
gether  with  probabilities  of  narrowband  (5  MHz)  detec¬ 
tion  (dashed  lines  in  Fig.  6  and  Fig.  7). 

There  is  a  gain  in  the  detection  threshold  for  probabili¬ 
ties  D  =  0.6  ...  0.8  if  a  wideband  (about  80  MHz) 
illumination  signal  and  the  “log-scale”  detector  are  used 
[10].  For  the  detection  probability  D  =  0.9  this  gain  is 
about  2  to  6  dB  depending  on  the  type  of  the  target  being 
detected.  For  the  detection  probability  D  =  0.5 ,  for 
which  the  detection  range  of  surveillance  radar  is  usually 
estimated,  the  wideband  signals  introduce  additional 
power  losses  just  of  0.5  to  3  dB.  It  can  be  claimed  that 
inside  the  detection  zone  D  >  0.5  target  tracking  will  be 
more  reliable  for  wideband  signals  than  for  narrowband 
ones  due  to  lower  probability  of  the  echo  dying  out. 

Wideband  echo  signals  can  be  detected  without  use  of 
non  coherent  integration  (cumulative  detection).  Such 
detection  provides  lower  detection  probability,  but  for  the 
bandwidths  lower  80  MHz  the  difference  from  the  "log- 
scale"  detection  scheme  is  not  veiy  high  (1  ...  1.5 dB). 
This  proves  that  effect  of  RCS  fluctuations  is  already  re¬ 
duced  by  the  effect  of  target  element  range  resolution. 

5.  Application  of  Simulation  to 
Radar  Tracking 

Theoretical  investigations  by  Delano,  Ostrovityanov, 
and  others  on  range,  angular,  and  Doppler  glint  of 
targets  illuminated  by  narrowband  signals  are  widely 
known  [2].  Now  on  the  basis  of  backscattering  simu¬ 
lation  we  can  have  more  detailed  information 

Especially  helpful  backscattering  simulation 
proved  to  be  for  the  case  of  wideband  signals. 

Particularly,  it  was  shown  that  information  about 
the  target  angular  coordinates  and  range  can  be  much 
more  accurate  when  the  train  of  "slow  fluctuating" 
(see  Section  3)  wideband  echo  signals  is  received. 
This  effect  is  achieved  due  to  resolution  of  the  target 
elements  and  formation  of  the  RP. 

The  simulation  results  show  that  if  the  signal  spec¬ 
trum  is  widened  from  1  MHz  to  100  MHz  and  the  SNR 
is  large  then  the  azimuth  measurement  accuracy  of  sur¬ 
veillance  radar  can  be  increased  by  1 .5  to  6  times  de¬ 
pending  on  the  target  type.  Measurement  accuracy  is 
increased  in  this  case  due  to  possibility  of  averaging  the 
angular  estimates  for  various  range  cells.  Similar  in¬ 
crease  in  azimuth  measurement  accuracy  can  be 
achieved  for  short-range  radar  with  monopulse  type 
angle  measurements.  In  such  a  radar  angle  measure¬ 
ments  are  most  affected  by  the  target  angular  glint. 

Accuracy  of  range  measurements  for  the  point  tar¬ 
get,  according  to  works  by  Woodward,  increases  pro¬ 
portionally  to  the  signal's  bandwidth.  But  real  radar 
targets  are  not  point  ones  for  the  case  of  wideband 
illumination.  Nevertheless,  simulation  shows  that  ex¬ 
pansion  of  the  signal  bandwidth  from  1  MHz  to 
80  MHz  can  increase  the  range  measurement  accuracy 
by  2  to  4  times  depending  on  the  SNR. 
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Fig.  8. 

When  the  target  elements  are  resolved  then  the 
measurement  errors  become  significantly  non  Gaus¬ 
sian.  This  very  complicates  their  theoretical  analysis 
and  increases  the  role  of  simulation.  In  Fig.  8  the 
probability  density  functions  of  the  range  measure¬ 
ment  error  [2]  are  shown  for  Tu-16  aircraft  for  its: 

•  narrowband  (1  MHz)  illumination  (curve  1); 

•  wideband  (80  MHz)  illumination  and  range  estima¬ 
tion  by  the  maximum  of  output  signal  (curve  2); 

•  wideband  (80  MHz)  illumination  and  range  esti¬ 
mation  by  the  median  of  output  signal  (curve  3). 

It  is  seen  from  Fig.  8  that  selection  of  the  measure¬ 
ment  method  influences  the  accuracy  of  measurement. 

Furthermore,  unlike  to  the  case  of  Gaussian  error  dis¬ 
tributions,  range  measurement  accuracy  in  this  case  is 
influenced  by  selection  of  the  cost  function  [11],  For  ex¬ 
ample,  if  the  squared  cost  function  is  used  then  measure¬ 
ment  accuracy  is  2  to  3  times  higher  (depending  on  the 
signal-to-noise  ratio)  than  in  the  case  of  quasisimple  one. 
Increase  in  the  target  range  measurement  accuracy  can  in 
its  turn  significantly  improve  target  tracking  in  range. 

Backscattering  simulation  helped  us  to  reveal  one 
more  advantage  of  the  wideband  illumination  signals. 
Such  illumination  signals  can  provide  surveillance 
radar  with  the  possibility  of  accurate  measuring  tar¬ 
get’s  radial  velocity  at  a  single  antenna  pattern  sweep 
on  target.  Measurement  is  based  on  estimation  of  shift 
between  the  envelopes  of  successive  RPs  in  train.  The 
measurement  accuracy  in  this  case  is  higher  than  that 
in  the  case  of  narrowband  radar  with  tracking. 

Unlike  to  the  narrowband  measurement,  accuracy 
of  wideband  measurement  is  not  affected  significantly 
by  the  target  maneuvering.  Use  of  wideband  illumina¬ 
tion  signals  (together  with  appropriate  measurement 
algorithms)  for  the  target  tracking  allows  early  ma¬ 
neuver  detection,  simplifies  identification  of  radar 
echoes  and  adaptation  to  maneuvers. 

6.  Conclusions 

The  authors  of  paper  are  of  the  opinion  that  computer 
simulation  of  target  radar  backscattering  is  an  essential 
part  of  the  perspective  radar  design.  This  statement  is 


confirmed  by  the  experience  accumulated  in  the  mono¬ 
graph  [2]  and  by  the  experience  of  further  studies. 
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Abstract 

It  is  proposed  and  investigated  the  combined  direction  finder  of  independent  noise 
radiation  sources,  which  is  realized  on  the  unified  base  of  adaptive  lattice  filters.  Its 
important  practical  advantages  are  substantiated  in  comparison  with  the  well-known 
combined  direction  finders  on  the  base  of  eigenstructured  spectral  analysis  methods 
of  MUSIC  type. 


L  Introduction 

In  different  countries,  already  for  several  decades  the 
intensive  investigations  of  spectral  analysis  methods 
of  random  processes  of  different  physical  nature  have 
been  carried  out,  whose  resolution  capability  is  be¬ 
yond  the  Raleigh  bound  determined  by  the  dimen¬ 
sions  of  spatial-temporal  observation  interval.  One  of 
the  most  important  practical  applications  of  these 
methods  is  the  estimation  of  angular  coordinates  (di¬ 
rection  finding)  of  noise  radiation  sources  (NRS)  in 
spatial  multi-channel  receiving  systems  with  phased 
antenna  arrays  (PAA)  (DOA  estimation). 

In  spite  of  a  great  number  of  proposed  “superreso¬ 
lution”  methods  of  the  space-time  spectral  analysis 
(STSA)  the  search  of  new  approaches  to  direction 
finding  of  NRS  lasts  [1-11].  A.  B.  Gershman’s  ap¬ 
proach  based  on  the  use  of  combined  direction  finders 
is  considered  to  be  the  most* perspective,  in  which  the 
information  from  the  whole  complex  (“bank”)  of 
well-known  methods  of  STSA  is  combined  [3-5].  In 
such  a  “bank”  under  the  corresponding  unification 
strategy  it  is  possible  to  use  effectively  the  advantages 
of  the  methods  included  in  “bank”  and  simultaneously 
to  reduce  their  own  disadvantages. 

The  specific  peculiarity  of  the  “banks”  suggested  in 
[3-5]  is  their  so-called  “eigenstructured  (ES)”  STSA 
methods,  potentially  more  effective  than  “non  eigen¬ 
structured  (NES)”  methods.  The  latter  does  not  take 
into  consideration  the  a  priori  information  about  the 
coincidence  of  a  signal  component  rank  of  covariance 
matrix  (CM)  of  Gaussian  output  signals  M>1  of  spa¬ 
tial  receiving  channels  with  number  n<M  of  external 
independent  NRS,  essentially  used  in  ES-methods. 
Such  a  coincidence,  however,  takes  place  only  in  an 
idealized  situation  of  completely  identical  reception 
channels  not  typical  for  practice.  So  the  real  capabili¬ 
ties  of  “ES-banks”  can  be  essentially  lower  than  po¬ 


tential  ones,  in  connection  with  this  their  practical 
advantages  are  not  so  obvious. 

In  development  of  the  combined  direction  finding 
idea  in  [8]  it  is  suggested  to  of  a  “bank”  from  the 
well-known  NES  methods,  and  a  number  of  their 
modifications  as  well.  In  these  methods,  the  NRS  in¬ 
formation  is  taken  from  the  parameters  of  their  spec¬ 
tral  functions  (SF)  depending  upon  the  matrix  inverse 
to  CM  of  the  analyzed  process.  The  important  advan¬ 
tage  of  these  methods  consists  in  the  possibility  of 
their  simple  realization  on  the  unified  structural  algo¬ 
rithmic  base  of  adaptive  lattice  filters  (ALF)  [7-9]. 

In  the  given  paper,  the  resolutions  of  “ES-bank”  and 
“ALF-bank”  are  quantitatively  compared,  and  the  im¬ 
portant  practical  advantages  of  “ALF-bank”  are  shown 
in  real  conditions  of  non-identical  reception  channels. 

2.  “ALF-Bank”  Structure 

Spectral  functions  5(a)  =  S{a,^)  of  a  number  of 
well-known  NES  of  STSA  methods  are  of  the  follow¬ 
ing  form  [6,8,10,11] 

Si  (a)  =  ( X*  (a)^x(Q) )  "* ,  (la) 

S-iia)  =  w„„„  |e*„'i'x(Q)  \  \me  1,M ,  (lb) 
Ssia)  =  Q,„„,x’(oc)’^x{a)\e‘„^x{a)  |  \  (Ic) 

Si{a)  =  x*(a)'®’x(a)(x*(Q)'^^x(Q))  m  6  l,Af , 

(Id) 

S,{a)  =  {x*(a)^'MaY\  (le) 

SF  5i(a)  characterizes  the  Capon  method  of  “mini¬ 
mum  dispersion  (MD)”,  S-zia)  is  the  Burg  method  of 
“linear  predication  (LP)”,  Ss{a)  is  the  variety  of  “modi¬ 
fied  Capon  algorithm  (MCA)”,  54(a)  is  the  Borgotti- 
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Fig.  1.  SF  formation  on  ALF  scheme. 


Lagunas  (BL)  method,  iS5(a)  is  the  “heat  noise  (HN)” 
method. 

In  all  SF  x(a)  =  {  xi{a)}  is  the  non-random 

M-dimensional  steering  vector  (of  search)  “in  the  di¬ 
rection”  a ,  which  depends  on  spatial  arrangement  and 
characteristics  M  of  receiving  elements  (modules)  of 
PAA,  is  the  m  -th  ( m  C  1,  M )  column  of  an  iden¬ 
tity  M  X  M  matrix  (*)  is  the  sign  of  hermitian 

conjugate,  ^  is  the  matrix  inverse  to  the  used 

estimation  ^  of  the  a  priori  unknown  true  CM  ^  of 
PAA  output  signals. 

The  common  feature  of  all  SFs  (1)  is  their  depend¬ 
ence  on  the  same  M  x  M  matrix  ^ .  In  connection 
with  this  they  can  be  formed  on  the  base  of  common 
filter  with  matrix  pulse  characteristic  (PC),  proportional 
to  the  matrix  ^  or  to  its  multipliers  of  different  kinds. 

Of  a  great  number  of  the  well-known  filters  having 
the  necessaiy  PC,  the  most  practically  interesting  ALF 
[7-9]  are  those  with  2M  x  M  matrix  PC  of  a  view 

H 

W=:  .  ,  (2a) 

N* 

which  is  composed  of  the  estimates  of  the  lower  (H ) 
and  upper  ( N* )  triangular  M  xM  matrix-multipliers 
of  matrix  ^  in  the  representations 

^  =  H*H  =  N  N*,  ^  (2b) 

The  algorithms  of  forming  the  maximum  likelihood 
(ML)  matrix  estimations  W  (ALF  tuning)  by  K- 

f  'i  K 

dimensional  training  sample  Y  =  |  y*  j  ^  ^  of  M- 

dimensional  vectors  y/:  =  {  k  el, K  of 

complex  amplitude  indications  of  the  analyzed  proc¬ 
ess  are  considered  in  details  in  [9]. 

The  values  of  SF  5ca)  of  (la,  b,  c)  methods  at 
analysis  arbitrary  point  a  from  the  chosen  sector 
Oa  €  (aunii,a,uax)  Can  be  obviously  formed  by  means 
of  combining  the  modulus  squares  of  vector  elements 

P  =  =  Hx,  (3a) 


q  =  {9m}„f=i  =N*x,  (3b) 

at  ALF  outputs  with  PC  (2a)  obtained  by  transforma¬ 
tion  in  it  of  the  M-dimensional  steering  vector 
X  =  x(a).  In  particular,  SF  (la)  of  Capon‘s  method 

5i(a)  =  (  p*p  j  ,  SF  (lb)  of  the  LP  method  at 
m  =  1  i92<a)  =  I  ^  and  at  m  =  M  52 (a)  == 

=  1  ^  (Fig-  1). 

Along  with  (1),  one  can  form  on  ALF  base  a  num¬ 
ber  of  other  SF  with  practically  useful  properties,  in 
particular,  SF  [8] 

~  (PprPpr)  —  (Qpr%r)  s(4^) 


Sz{0L,X)  = 


PprPpr 


( PprPpr  “b  ^pr^lpr  )  » 

SQ{a,x)  =  P*P( PprPpr  +  qi^rV  )~^  , 

PprPpr  "b  qprqpr 


As  =  {Pm  }Ji-l  andq^  =  {qm  }m=M~x+l  » 
here  are  designated  x  -dimensional  subvectors  formed 
by  the  first  x  =  IjM  —  1  vector  components  p  (3a) 
and  the  last  x  vector  components  q  (3b)  respec- 

tively,  and  as  Pp,  =  {p,„  and 

Qpr  =  {Qm  }ra=i~  (-^  “  X  )"dimensional  subvectors 

composed  of  the  rest  elements  of  these  vectors.  SF 
formation  scheme  (4)  on  ALF  base  is  shown  in  Fig.  1. 

SF  (1),  (4)  with  partial  or  full  parameters  set 
X  e  0,(M  -  lyu  in  typical  cases  M  »  1  form 
rather  capacious  “ALF-banks”  essentially  simpler  for 
realization  than  the  well-known  “ES-banks”  [3-5].  In 
connection  with  this  it  is  important  to  compare  the 
effectiveness  (the  resolution,  the  accuracy,  the  size  of 
a  training  sample)  of  combined  direction  finders  on 
the  base  of  considered  “banks”  of  STS  A  methods. 

The  comparison  results  of  their  resolution,  which 
were  obtained  with  mathematical  simulation  method 
are  analyzed  below. 


3.  Mathematical  Simulation  Results 
AND  Their  Analysis 

The  NRS  direction  finding  procedure  by  “ALF-bank” 
consists  in  formation  of  its  SF  5(a)  at  points  a  lo¬ 
cated  in  the  chosen  sector  a^  and  consequent  finding 
of  their  general  maxima. 

The  general  ones  mean  such  SF  maxima,  for  which 
the  foilwing  conditions  are  met 

>  7o,  5(a„)/5(j7„)  >  70,  (5) 
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Fig.  2.  The  correct  resolution  probability  versus  the 
size  of  training  sample  for  methods  (1),  (4) 
and  ALF  bank. 


number  of  sources  Nb  resolved  with  the  bank  is  de¬ 
termined  by  the  maximum  number  of  NRS  resolved 
with  all  direction  finders  =  inax^j ,  j  el^G), 

Fig.  2  shows,  as  an  example,  the  results  of  resolving 
two  equal  power  NRS  with  relative  (with  respect  to  the 
width  of  matched  radiation  pattern  (RP)  of  the  antenna) 
angular  distance  A  =  0,1  and  generalized  signal-to- 
noise  ratio  (SNR)  for  each  NRS  q  =  Mh  —  36  dB, 
where  h  is  the  NRS  intensity  with  respect  to  the  inten¬ 
sity  of  internal  noise  of  a  PAA  element.  Here  for  the 
M  =  17  -element  uniform  linear  array  (ULA),  the 
dependencies  of  the  correct  resolution  probability  P  on 
the  effective  size  S  =  K  —  M  of  the  K  -dimensional 


Fig.  3.  NRS  resolution  with  ALF  and  ES  banks. 


Fig.  4.  The  correct  resolution  probability  versus  the 
parameters  of  non-identical  PC  reception 
channels  of  PAA. 

where  a„  €  ,  (  n  €  1,  TV  )  are  arranged  in  increasing 
order  (ordinance)  SF  maxima  coordinates,  ri„  €  a„ , 

(n  e  0,./V)  are  the  coordinates  of  iV  -f  1  SF  ranged 
minimum  values  in  analysis  sector  ,  70  is  the  a 
priori  chosen  threshold  (usually  70  =  (2.. 3)  dB). 

For  the  j-th  ( jf  G  1,  G )  direction  finder,  the  maxima 
number  satisfying  conditions  (6,  is  taken  as  the  num¬ 
ber  Nj  of  NRS  resolved  with  this  direction  finder, 

and  their  coordinates  ,  n  £  I,  N  are  considered 

to  be  the  directions  to  the  n-th  (n  €  l,iV )  NRS.  It  is 
supposed  that  “ALF-bank”  resolves  them  every  time 
when  at  least  one  of  G  direction  finders  (methods)  of 
the  “bank”  resolves  them  (strategy  1  of  G).  The 


training  sample  used  at  forming  ML  of  estimation  $ 
of  the  a  priori  unknown  CM  ^  are  shown. 

The  probability  of  correct  resolution  P  is  calculated 
as  a  ratio  of  the  number  of  tests,  at  which  the  value 

=  n  =  2 ,  to  their  general  number  NN  =  500  . 
A  family  of  thin  solid  lines  in  Fig.  2  corresponds  to 
SF(l),(Fig.l). 

One  can  see  that  the  correct  resolution  probability 
of  “ALF-bank”  is  considerably  higher  than  of  any 
other  method  included  in  it.  In  this  respect,  it  is  fully 
analogous  to  “ES-bank”  [3-5]. 

The  results  of  comparison  of  these  ‘"banks”  resolu¬ 
tion  are  shown  in  Fig.  3.  Here  for  the  M  =  10- 
element  ULA  under  conditions  [3],  the  dependencies 
of  the  correct  resolution  probability  of  “ES-bank” 
(solid  curves)  and  “ALF-bank”  (dotted  curve)  on  the 
relative  intensity  hy  =  =  h  of  two  equal  power 

NRS  with  angular  coordinates  0i  =  20° ,  62  =  22° 

are  presented.  Number  N  of  NRS  for  “ES-bank”  is 
determined  by  “MDL-criteria”,  which  is  the  strategy 
component  of  the  use  of  these  methods  and,  on  their 
base,  “banks”  [1-6,1 1].  The  plots  are  given  for  differ¬ 
ent  sizes  of  training  sample  K  =  15,45,  100,  the  re¬ 
ception  channels  are  asssumed  to  be  identical. 

As  it  follows  from  the  curves  analysis,  Fig.  2,  un¬ 
der  these  idealized  conditions,  “ES-bank”  can  be  more 
effective  than  “ALF-bank”.  This  conclusion,  however, 
can  be  unfair  under  real  conditions  of  non-identity  of 
the  spatial  reception  channels  characteristics. 

As  an  illustration,  in  Fig.  4,  there  are  shown  plots, 
which  characterize  the  resolution  of  ALF  and  ES 
“banks”  under  typical  for  practice  conditions  of  non¬ 
identity  of  bell  PC  reception  channels.  The  argument 
of  a  family  of  plotted  curves  is  the  root-mean-square 
error  (RMSE)  of  central  frequencies  ( )  and  their 

parameter  is  RMSE  of  duration  ( )  of  PC  reception 

channels.  The  correct  resolution  probability  P,  as 
well  as  in  Fig.  3,  coresponds  to  the  plot  ordinate. 

One  can  see  that  “ALF-bank”  possesses  the  considera¬ 
bly  less  sensitivity  to  the  effects  of  considered  mismatch¬ 
ing  -  already  at  ^,005  it  appears  to  be  more  effective. 

It  is  connected  with  the  fact  that  in  real  conditions  of 
non-identical  characteristics  of  reception  channels,  one 
of  the  main  assumptions  is  violated  (about  the  coinci- 
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dence  of  effective  rank  rg  of  CM  $  with  the  number 
n  of  point  independent  MRS)  considerably  used  at  ES- 
methods  synthesis  of  STSA.  lliis  violation  takes  place 
both  at  finite  and  infinite  (if  -»  oo)  size  of  training 
sample.  As  it  is  shown  in  [7],  in  the  latter  case,  this 
matrix  represents  the  “Shur-Hadamard  product” 

^  =  [n  €)  A ,  vji,-  =  .  aij ,  (6) 

of  idealized  CM  with  effective 

rank  ri^  =  n  and  CM  A  =  {opj  of  reception 

channels  PC  of  =  1  rank  at  the  identity  and 
ta  >  1  rank  at  non-identity  of  their  characteristics. 
The  effective  matrix  rank  (6)  in  the  general  case  is 
equal  to  [7] 

rg  =  min  |  M,  n  •  Ta  |  (7) 

and  already  at  minor  differences  of  reception  channels 
characteristics  can  noticeably  differ  fi-om  the  true 
number  n  of  NRS.  Under  these  conditions,  the  ways 
of  NRS  number  determination  (resolution)  by  effec¬ 
tive  CM  rank  determined  by  ^^L,  AIC  and  other 
criteria  [1-6,10,11],  which  are  used  in  ES-methods 
and  “banks”  on  their  base,  appear  to  be  considerably 
less  effective  for  this  problem  solution  than  NES- 
methods  and  “ALF-banks”  on  their  base,  in  which  it  is 
solved  without  the  information  about  CM  rank. 

As  detailed  check  have  shown,  this  conclusion  ap¬ 
pears  to  be  true  not  only  with  respect  to  the  resolution, 
but  to  the  accuracy  of  angular  coordinates  estimation. 
Besides,  “ALF-bank”  is  more  simple  in  technical  re¬ 
alization  as  it  doesn’t  require  solving  of  the  compli¬ 
cated  problem  of  search  of  eigendecomposition  CM 
numbers  and  vectors,  whose  size  can  be  rather  large. 

By  these  reasons,  it  is  “ALF-bank”  that  can  be  recom¬ 
mended  for  practical  realization  of  the  finitful  idea  [3-5]  of 
combined  direction  finding  of  noise  radiation  sources. 
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Abstract 

Methods  of  signals’  wavelet  denoising  on  the  antenna  array  transducers’  output 
are  given.  The  comparative  analysis  of  the  algorithms  efficiency  based  on  the  exam¬ 
ple  of  the  algorithm  for  uncorrelated  signals  discrimination  with  the  methods  adapta¬ 
tion  with  formation  of  “zeros”  of  the  radiation  pattern  in  the  directions  of  signals’ 
sources  outside  the  main  maximum. 

Keywords:  Antenna  array,  wavelet  transformation,  denoising,  uncorreiated  signal, 
radiation  pattern. 


1.  Introduction 

Wavelet-analysis  is  widely  used  in  the  modem  signal 
procession  methods  in  spite  of  rather  high  calculation 
complexity.  Modern  DSP  processors  used  in  the  an¬ 
tenna  technique  are  capable  to  perform  signals  proces¬ 
sion  with  values  of  the  algorithms  computational 
complexity  of  70-80  MIPS  (million  of  instructions  per 
second).  Taking  into  account  that  fast  wavelet- 
transformation  are  developed  and  for  the  resent  time 
there  are  no  more  convenient  apparatus  for  signal  pro¬ 
cession  in  the  frequency  and  temporal  regions  simul¬ 
taneously  then  it  becomes  clear  the  importance  of 
wavelets  in  the  antenna  technique  and  particularly  in 
the  antenna  array  technique. 

Methods  of  wavelet-denoising  used  in  the  antenna 
technique  are  applied,  primarily,  to  suppress  the  an¬ 
tenna  array  transducers  heat  noise.  In  this  case  a  dyad 
wavelet-transform  is  used  where  redundancy  is  elimi¬ 
nated  in  the  course  of  wavelet-transform.  Comparison 
of  different  methods  efficiency  in  wavelet-denoising 
application  by  the  example  of  operation  of  the  algo¬ 
rithm  based  on  the  adaptive  formation  of  the  radiation 
pattern  (RP)  “zeros”  in  the  signals’  sources  direction 
excluding  the  RP  main  lobe  direction  is  given.  This 
algorithm  is  free  from  “indistinguishability”  by  the 
angular  position  of  the  signal  weaker  in  power. 

2.  Wavelet-Transform  and  Wavelet- 
Denoising 

Let  us  consider  the  signal 

5(t)  =  a{t)  sin  [  coot  +  0{t)  ] ,  ( 1 ) 


where  a(t)  is  the  signal  envelope;  loq  is  the  carrier; 
6{t)  is  the  modulating  function. 

Let  the  signal  s{t)  be  distorted  by  the  white  noise 
ae{t)  with  a  power  equal  to  .  We  will  get  a  data 
sequence  on  the  time  inter¬ 

val  [0,  1] ,  which  will  be  presented  as  follows: 

^ik)  =  Kk)  +  (Te{k),  t  —  k/n,  n  =  , (2) 

where  J  -f  1  are  positive  numbers  responsible  for 
computing  capacity  of  equipment.  For  convenience 
sake  let  us  write  x{k) ,  s{k)  and  e{k)  instead  of 

rr(4),  s{k)  and  e(4)-  Now  we  turn  to  the  matrix 
notation,  then 

X  =  (x(0),  x(l),  x(n  -  1))^, 

s  =  (s(0) ,  s(l) , . . . ,  s{n  -l)f,  (3) 

e  =  (e{0),e(l),...,e(n  -  1))'^. 

As  it  is  known  wavelet  analysis  represents  the  linear 
orthonormal  transformation,  i.e.  we  get  nxn  or¬ 
thonormal  matrix  W  containing  some  coefficients  cq  , 
Cl ,  ...»  C2Ar-.i  •  This  matrix  transform  transfers  vector 
X  to  w  =  Wx,  where  vector  x  can  be  reconstructed 
as  X  =  W^w  =  -h  .  The  components 

of  w  are  indexed  with  the  dyad  method,  i.e. 

w  =  [w{j,k),j  =  =  0,1,. ..,2'  -l)^,(4) 

where  and  are  vectors  of  wavelet-coefficients 
of  the  signal  source  s{t)  and  €(t) . 

In  this  case  it  is  possible  to  use  the  following  three 
denoising  methods  to  remove  noise  from  signals  [1]: 
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w(y,fc)exp  - 


|wO-fc)|-A 


,  if  my,ifc)|  >  A 
otherwise. 


"0',^).  if  |w0’>^)l  ^ 


otherwise. 


_  f  sgn(w(y,fc))(|w(j,A;)|  -  A)  if  |u;(j,A:)|  >  A 

wAj.k)  =  ■ 

0,  othenvise. 

where  w,  is  an  estimated  value  of  the  wavelet- 
coefficients;  a  e  (0,  1)  is  a  fiducial  probability  level; 
A  =  V2crerfinv(a)  is  a  confidence  interval  value 
[—A,  A] ;  erfinvcct)  -  is  an  inverse  function  of  errors 

erf  ( a )  =  f  exp ( )dt . 

Vird-oc  ^  ^ 


3.  Description  of  Signals  Models  and 
Algorithm  for  Weight 
Coefficients  Choice 

Let  us  consider  M -elemental  antenna  array  (AA) 
affected  simultaneously  by  K  signal  sources.  The  out¬ 
put  signal  V it)  of  AA  performing  a  weighted 
summation  of  the  transducers’  (AA  radiators)  voltage 
can  be  written  as 

U(t)  =  Ya)W'^ ,  (6) 

where  y  ( t )  =  Af’  ( t j  f )  is  a  vector  of 
signals  on  the  AA  radiators  output;  Sf._  is  a  row  vector 
with  a  dimensionality  of  1  x  M  whose  elements  are 
defined  by  the  following  relation, 
Svd-  =  exp[-iK(a:,„  cos(v?fc)  +  y,„  sin(^i,.))] ;  Uk{t) 
is  a  function  describing  temporal  dependence  of  the 
A;-th  signal;  TF  =  is  a  row  vector  of 

weight  coefficients;  are  the  coordinates  of  the 

m-th  radiator  (m  =  1,M);  k  =  27r/A  is  a  wave 
number  of  free  space;  A  is  an  operating  wavelength; 
(pi,  is  an  angular  position  of  the  k  -th  signal  source 

iV(f)  =  [ni(^),...,nA/(^)]  is  a  signals’ 
row  vector  of  thermal  noise  in  the  radiators.  Expression 
for  signal  power  on  the  AA  input  is  as  follows  [2]: 

p„  =  |y(i)iy'’f  = 

=  •  *)  ES,u,{At  •  *)) . 

•'''  ■=!  I  fc=l  j 

where  is  an  averaged  power  in  the  interval;  AT  is  a 
number  of  references  in  the  interval  ] ;  At  is  a 
digitization  interval. 

As  all  the  parameters  of  the  received  signals  can  be 
a  priori  unknown  then  it  is  expedient  to  use  Frost 
adaptive  algorithm  with  protection  of  the  main  maxi¬ 


mum  to  form  the  RP  “zeros”.  In  this  case  the  weight 
coefficients’  vector  is  defined  by  the  relation  [3] 

W  =  R-^A'^ ,  (8) 

where  ^ *  are  the  signs  of  transportation  and  com- 
plex  conjugation,  respectively;  A  is  a  row  vector  with 
dimensionality  of  1  x  Af ,  whose  elements  are  num¬ 
bers  =  exp  [  in  ( x,,,  cos{(po )  +  sin(v?o ) )  ] ;  (fo 
is  an  angular  position  of  the  RP  main  maximum  at 
some  time;  i?  is  a  signals’  covariance  matrix  with 
dimensionality  of  M  x  M  defined  by  the  accumula¬ 
tion  for  the  temporal  sampling  of  the  duration  equal  to 
the  oscillation  period  with  the  following  formula: 

R  =  y^(t)y*(t).  (9) 

The  comparative  analysis  of  wavelet-denoising  algo¬ 
rithms  will  be  demonstrated  by  the  example  of  the  circular 
AA  consisting  of  M  =  25  radiators  with  a  simultaneous 
reception  of  A"  =  2  signal  sources.  The  AA  radiators  are 
placed  on  the  circle  whose  radius  is  2A  with  a  step  of 
0.5A .  The  temporal  dependence  Ui^{t)  will  be  assumed 

to  be  equal  to  «2(f)  =  V^cos(a;f) ,  respectively; 
Pi ,  P2  is  power  of  the  first  and  the  second  signal  sources, 
respectively;  duration  of  the  temporal  sampling  when 
forming  the  elements  of  the  matrix  R  is  equal  to  the  sig¬ 
nals’  oscillation  period.  Thermal  noise  is  modulated  with  a 
sequence  of  random  numbers  distributed  by  the  normal 
law  with  a  zero  mathematical  expectation  and  mean 
square  deviation  a , 

Relation  of  the  first  signal  power  to  thermal  noise 
power  is  as  follows: 

Q=^lg(P2/a^).  (10) 

When  realizing  the  algorithm  it  is  convenient  to  use 
the  relation 


The  signal  power  on  the  AA  output  depending  on  the 
angular  position  of  the  RP  side  lobe  (po  in  the  angles’ 

sector  (po  €  [0°,90°]  is  investigated.  Let  the  signals 
arrive  from  the  directions  ^  =  20°  and  ^2  =  80°  . 

4.  Simulation  Results 

To  estimate  the  efficiency  of  the  wavelet  denoising 
methods  the  dependence  of  the  difference  |5(i)  -  3(i)| 
mean  square  error  value  on  the  signal/noise  relation 
Q  was  used,  where  s{t)  is  the  signal  without  noise; 
s(f)  is  the  estimate  after  reconstruction  with  the 
above  mentioned  methods  (Fig.  l).The  following  pa¬ 
rameters’  values  were  used:  fiducial  probability 
a  =  0.95  ,  wavelet  Daubechies  h2  with  the  values  of 
the  filter  coefficients  equal  to  0.3415  0.5915  0.1585 
-0.0915  when  realizing  algorithms.  The  dependence 
given  in  Fig.  1  is  the  result  of  averaging  of  200  inde¬ 
pendent  experiments. 
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Fig.  1.  Dependence  of  signal  reconstruction  mean 
square  error  on  signal  /  noise  ratio 
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Fig.  3.  Dependence  of  signal  power  in  the  AA  out¬ 
put  on  the  RP  main  lobe  angular  position 
with  Pj  =  P2 

applying  the  adaptation  methods  with  formation  of  the 
radiation  pattern  “zeros”  in  the  directions  of  sources 
of  signals  falling  outside  the  main  minimum.  The 
simulation  results  given  in  Fig.  3  demonstrate  an  in¬ 
crease  of  5-10  dB  in  the  signals’  sources  angular  po¬ 
sition  definition  efficiency  through  the  use  of  the 
developed  algorithm  depending  on  the  fiducial  prob¬ 
ability  level  and  the  used  type  of  wavelet. 

The  immediate  more  precise  quantitative  results  in 
increasing  efficiency  of  the  signals’  sources  angular 
position  definition  are  the  object  of  further  investiga¬ 
tions  with  different  wavelets  and  fiducial  probability 
equations. 


Fig-  2.  The  plots  of  wavelet  Daubechies  dB2  and 
derived  filters’  coefficients 

5,  Conclusions 

Efficiency  of  the  signal  arrival  angles  definition  was 
investigated  through  the  utilization  of  the  adaptive 
antenna  array  using  different  algorithms  of  denoising 
with  wavelet  transformations.  Analyzing  the  obtained 
results  it  may  be  concluded  that  using  different  meth¬ 
ods  of  denoising  it  is  possible  to  obtain  different  de¬ 
grees  of  signals’  procession  depending  on  different 
requirements. 

The  comparative  analysis  of  the  algorithms’  effi¬ 
ciency  was  performed  using  as  an  example  the  algo¬ 
rithms  for  discriminating  non-correlated  signals 
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Abstract 

Application  of  the  method  of  least  squares  for  parameter  estimation  of  exponential 
signals  for  processing  data  received  by  antenna  array  on  several  samples  of  observa¬ 
tions  has  been  considered.  Effective  algorithms  of  this  method  have  been  proposed; 
the  explicit  analytical  expressions  of  the  first  and  second  derivatives  of  objective 
function  of  the  least  squares  method  have  been  obtained.  Accuracy  properties  of  the 
method  and  results  of  the  method  application  for  determination  of  parameters  of 
moving  sources  are  presented. 

Keywords:  the  adaptive  arrays,  exponential  signals,  method  of  least  squares, 
quasisolution  searching. 


1.  Introduction 

Target  location  by  means  of  antenna  arrays  data  proc¬ 
essing  is  one  of  basic  problems  in  modem  radiophysics. 
It  is  a  key  problem  to  estimate  parameters  of  exponen¬ 
tial  signals  using  the  several  samples  of  observations  at 
presence  of  various  noise  perturbations  (Stoica  and 
Sharman,  1990).  Its  solution  allows  one  to  determine 
natural  frequencies  and  directions  on  sources  of  radia¬ 
tion  and  reradiations  in  many  applications  of  radar, 
radio  astronomy  and  radiophysical  measuring,  mobile 
(SDMA)  and  satellite  communication. 

The  traditional  approach  for  parameter  estimation 
of  exponential  signals  on  observation  sample  is  use  of 
methods  of  parametric  spectral  analysis.  The  ability  of 
Fourier  transform  to  fulfill  angular  or  frequency 
separation  of  signals  from  sources  is  restricted  by  size 
of  sampling  in  accordance  with  Rayleigh  criterion. 
High  resolution  is  ensured  with  use  of  maximum 
likelihood  method,  which  is  reduced  to  the  method  of 
least  squares  under  realization  of  some  requirements. 

However  use  of  the  method  of  least  squares  for  pa¬ 
rameter  estimation  of  the  additive  exponential  model 
guesses  the  solution  of  complex  problem  of  finding  of 
global  maximum  of  non-unimodal  function  of  many  vari¬ 
ables  that  demands  the  considerable  computing  resources. 

In  this  paper  an  opportunity  of  the  realization  of  ef¬ 
fective  procedure  of  parameter  estimation  of  exponen¬ 
tial  signals  on  several  samples  of  observations  has 
been  considered  and  accuracy  properties  of  the  sug¬ 
gested  algorithms  are  analyzed.  The  suggested  method 
is  tested  on  readily  available  experimental  data  with 
the  purpose  of  comparison  with  other  methods. 

2.  Problem  STATEMENT 

Let  plane  waves  from  several  sources  fall  on  the  linear 
equidistant  array  with  N  sensors  and  with  step  d . 


Let's  assume,  that  the  source  can  differ  as  a  frequency 
fq  (g  =  and  an  angle  (p  =  1,2,...,P) 

between  a  direction  on  source  and  an  axis  of  array. 
Let's  inject  a  combined  parameter  of  w-th  source  tak¬ 
ing  into  account  two  specified  factor: 

=  ^qp  =  27r/^  COS  (5^  ,  (1) 

where  m  =  g  -h  Q{p  —  1);  M  =  QP  .  Then  the  phase 
delay  of  wave  from  w-th  source  for  two  next  sensors  is 

djc  =  ,  (2) 

where  c  is  velocity  of  wave,  At  =  djc. 

Let's  guess  that  for  determination  of  parameters  of 
sources  a  matrix  X  from  K  sequential  snapshots  of 
output  signals  from  array  with  N  sensor  is  formed  as 

(  ^11  ^12  ^IK 


X  = 


Xi  X2 


Xir  = 


^21  ^22 


^N2 


^2K 


^NK 


.(3) 


In  case  of  propagation  of  plane  waves  from  the 
sources  a  received  signal  can  be  presented  by  the  fol¬ 
lowing  model: 


Xji/(w,R)  =  E(w)R,  (4) 

where  E(w)==[ei  62  ...  Cji^]  is  a  matrix  of 
exponential  with  columns 


e„,  =[l  exp(-jA(fi„,)  ■■■  esq){-j{N-l)A<p„)^ , 

R  =  [?!  rj  ...  is  matrix  of  amplitudes  with 
columns  =  [%  ...  Thus,  k-th  signal 

of  the  array  of  sensors  can  be  noted  as 
M 

n«A:e,„  +  V*..  =  E(w)ri  4-  0,^ ,  (5) 

where  Vj.  is  a  column  vector  with  Gaussian  white  noise. 
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The  vector  w  =  [wi  u;.2  ...  ]  determines  a  form 

of  the  matrix  E  =  E(Gi) .  For  estimation  of  directions  of 
arrival  of  waves  and  its  frequencies  the  determination  of 
vector  w  =  [wj  oj-z  with  source  parameters  is 

required  using  the  received  signal  X . 

3.  Effective  Methods  of  the  Solution 
OF  THE  Problem 


The  matrix  of  optimum  amplitudes  for  K  snap¬ 
shots  of  the  signal  from  the  array  looks  like 

R(w)  =  (E«E)"'  E«X  =  E+X  =  H-’G,  (9) 

where  E^  =  (E”E)”'  E*^  is  pseudoinverse  matrix 
for  matrix  E  and  matrix  G  contains  values  of  the 
spectral  conjugate  signal 

G  =  E«X  =  |g,  g2  -  g/f].  (10) 


3.1.  SOLUTION  OF  THE  PROBLEM  BY  METHOD 
OF  Least  Squares 

Because  the  level  of  the  noise  and  non-informative 
deterministic  components  in  signal  X  may  be  consid¬ 
erable,  in  many  cases  the  classical  solution  of  inverse 
problem  can  not  exist  and  have  not  sense.  Therefore 
for  determination  of  values  w  it  is  necessary  to  use 
generalization  of  concept  of  the  solution  of  an  inverse 
problem  -  quasisolution.  For  this  case  the  quasisolu¬ 
tion  searching  is  reduced  to  finding  values  w  and  R , 
which  minimizing  a  functional  of  a  discrepancy 
/>(Xx{(w,R),X),  This  discrepancy  is  defined  as  the 
Euclidean  distance  between  Xji/(u>,R)  and  X. 

From  the  point  of  view  of  statistical  performances  the 
high  resolving  ability  is  ensured  with  use  of  maximum 
likelihood  method,  which  at  realization  of  some  require¬ 
ments  is  reduced  to  method  of  least  squares.  Therefore  the 
method  of  least  squares  used  in  this  paper.  It  consists  of 
finding  of  such  values  of  matrix  R  and  vector  w ,  which 
minimize  discrepancies  between  model  and  all  K  snap¬ 
shots  of  signals  from  array  of  sensors.  Thus,  objective 
function  of  next  form  was  subject  for  minimization: 

1|x-e(g))r|| 

p(w,R)  =— -E(w)ni  = - - • 

^  *-1 

(6) 

The  parameters  are  included  in  model  (5)  line¬ 
arly  and  the  method  of  least  squares  determines  their 
best  values  as 

r,{w)  =  (E»E)‘'E"x,  =H-'g,.  (7) 

where  H  =  E^E  is  Gramme  matrix  for  the  exponential 
curves  determined  by  values  of  vector  w ,  and  the  vector 
g*.  =  E”xt.  =  [el'xi.  ei^xj.  ...  e^/X^.f  defines 
values  of  frie  spectral  conjugate  signal  for  values 
w  -  [u^i  0^2  ^m]-  Elements  of  matrix  H  are  de¬ 

termined  by  the  following  expressions  {k,l  —  1, 2, . . . ,  M ): 


=  siiiN  A/'Xa;/  - 


exph'(a;/  » 


where  D  =  {N-l)d  is  length  of  array,  and 
sm^{N,x)  is  next  function:  sin(A^  ‘  xyN  •  sin(a:) . 
Let's  view  as  functions  S{u>i  Elements 

of  the  vector  g*.  =  (pu-  •••  9m  Y 
mined  according  to  expression  (m  =  1,2,...,M ; 
k  =  1.2...., K): 

1  ^ 

g,„t  =  9k  i^m )  =  exp(  j(n  - 1)  Atw,,, )  .(8) 

>1=1 


Substituting  values  of  optimum  amplitudes  (9)  in 
the  objective  function  (6)  we  obtain  the  objective 
function  with  smaller  dimensionality.  It  depends  only 
from  vector  w : 

p(w)  =  -  P)x,f  =  1|1(I  -  p)X|i|,  (1 1) 

where  matrix  P  =  E(E”E)"'  E”  =  EE^"  is  a  pro¬ 
jector  on  the  linear  subspace  defined  by  vectors 
[ci  02  ...  O;!/].  This  objective  function  can  be 
transformed  to 

p(w)  =  l|X||| --^f^xJ'Px,.  (12) 

Transferring  in  the  spectral  conjugate  area  it  is 
possible  to  obtain  more  effective  view  of  the  objective 
function  for  calculation 

p(Gi)  =  iixil  -^£g?H-’g,  =  1|X|  . 

(13) 

For  the  fixed  matrix  X  its  norm  is  a  constant. 
Therefore  minimization  of  the  objective  function  (12) 
is  completely  equivalent  to  a  maximization  of  the  ob¬ 
jective  function  in  form 

^(w)  =  TEi?Pxi  =trPC,  (14) 

and  minimization  of  the  objective  function  (13)  is 
completely  equivalent  to  a  maximization  of  the  objec¬ 
tive  function  of  next  form 

=  =LtrG"R.  (15) 

A  =1 

In  (14)  the  correlation  matrix  of  size  N  x  N 

K  / 

C  =  XI  is  used. 

h=\  / 

3.2,  Methods  of  Acceleration  of  the 
Solution  Searching 

Minimization  of  the  objective  function  (15)  demands 
the  considerable  computing  operational  resources. 
Searching  of  a  minimum  can  be  accelerated  using  the 
methods  of  minimization  based  on  application  of  the 
information  about  the  first  and  second  derivatives  of 
the  objective  function.  This  information  is  desirable  to 
obtain  in  explicit  form  using  analytical  expressions. 
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For  this  purpose  it  is  necessary  to  obtain  an  explicit 
expression  of  the  derivative  of  the  objective  function 
(15)  with  respect  to  parameter  co .  The  derivative  of 
the  objective  function  (15)  on  uj,,,  is  determined  as 


Taking  into  account  that  at  evaluation  of  the  objec¬ 
tive  function  (15)  is  supposed  implicit  determinations 
of  a  vector  of  amplitudes  in  the  form  (7)  obtained  ex¬ 
pression  can  be  simplified  to 


du;,n  du;„ 


In  expression  (16)  the  next  vector  is  used 
du),n  du),„ 

(  „  ("1  -  ) 


dS  (a>,„  -  w, ) 


dS(u;jif  -  ) 


In  expression  (17)  components  of  the  vector  of  deriva¬ 
tives  dg/,.  jdujjii  are  presented  in  the  following  form 

^9nik  _  ^9k  )  _ 


Making  differentiation  (16)  with  respect  to  co/  the  sec¬ 
ond  derivative  of  the  objective  function  can  be  noted  as 

du)idu),n  K  ^  i  du),n  j 


^  1^1 


2 


dr^  d 


ULl  _  u  /gHTT-l\  ggA:  yH  dR  1 

du;^  ^  [du;i  dojir 

finally  we  obtain  a  second  derivate  of  the  objective 
function  ( 1 5)  in  form : 


d^6  ^  1 

duJidujj^i  K 


^  l&l  ^  i  dwidw,,, 


+0 

ydui  ^  doJi]  5w,„  'jj  ' 

The  matrix  of  second  derivatives  of  the  objective 
function  ( 1 5)  can  be  defined  as: 

Q  =  E[U*:  +  2V,HH-1V,  ]) ,  (18) 

^  [A;=1 

where  Y^.  —  ]  is  a  matrix  of  size 

M  X  M  formed  by  a  vector-column  which  is 
defined  in  (17);  U^.  is  a  matrix  of  size  M  x  M  with 
elements  of  next  view  ( /,  m  =  1, 2, . . . ,  ilf ) 

TTl^ 


UL=A^  2 


duidiv^ji  dujidujj 


dcJidiOjf^ 


,  I  ^  m\ 


O  *  d^9mk  -y  d^S(u>,„  -iVj) 


=  ^Yl^nk  (n  -  l)exp{j(n  -  l)Afa;„,) 

Components  of  the  matrix  of  derivatives 
are  defined  by  the  next  derivative 


dScu:> 


=  ScujyW  (o;). 


where  ir<re>  =  -  c.f(|:e)  . 

Using  the  given  expressions  it  is  possible  to  present 
a  derivative  from  the  objective  function  (15)  as  follows: 


du>,„  S"'”*' 


^  nk^  i^m  -  W  {OJ,,,  -UJi)\ 


«,=1 

For  determination  of  second  derivatives  from  ele¬ 
ments  of  matrix  H  it  is  possible  to  use  that 

d'^Scuj:,  „  ,  dWiuj->\ 


dWiu)y 

dijj 


sin 


3.3.  Effective  realyzation  of  Algorithm 
OF  THE  Solution  Searching 

Direct  minimization  of  the  objective  function  (15) 
without  successful  information  about  initial  values  can 
provide  only  infinitesimal  probability  of  determination 
of  true  values  of  parameters  of  model  (4).  This  situation 
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is  a  result  of  the  considerable  non-unimodal  character 
of  the  indicated  objective  function  and  high  dimension¬ 
ality  of  a  problem  of  nonlinear  minimization. 

It  is  possible  to  overcome  the  problem  of  initial  ap¬ 
proach  on  the  basis  of  the  concept  of  the  quasisolution 
within  the  framework  of  various  classes  of  inserted 
complicated  models  of  the  investigated  object: 

Ml  C  M2  C  ...  C  Ml  C  .... 

The  operator  of  the  direct  problem  (Co,R)  ex¬ 

ists  for  every  model  M/  and  for  every  model  (even 
for  not  quite  adequate)  it  is  possible  to  find  the  qua¬ 
sisolution  (w/,R/  ) ,  so  that  will  be  valid 

p{Xm,(wi,Ri),X)>...>p(Xm,(w„R,),X)>.... 

Complication  of  the  model  can  be  realized,  for  exam¬ 
ple,  by  increasing  of  the  order  of  the  model.  It  is  sup¬ 
posed  that  for  simpler  model  its  natural  quasisolution 
may  be  found  easier  than  for  more  complicated  one. 

Thus,  the  use  of  a  chain  of  inserted  complicating  mod¬ 
els  allows  us  to  solve  of  a  problem  of  a  choice  of  initial 
values:  the  quasisolution  of  (/-l)-th  stage  can  be  used  as 
initial  values  at  quasisolution  searching  of /-th  stage. 

The  algorithm  of  sequential  overgrowth  of  the  order 
of  the  model  has  been  implemented  that  allows  us  to  use 
standard  methods  of  local  optimization  for  the  search  of 
quasisolution.  Three  alternatives  of  the  algorithm  which 
are  differed  by  the  selected  method  of  minimization  of 
the  objective  function  and,  accordingly,  by  the  type  of 
the  necessary  information  were  considered:  the  algo¬ 
rithm  0  is  based  on  simplex  method  of  Nelder-Mead  (it 
uses  only  values  of  the  objective  function);  the  algorithm 
I  is  based  on  quasi-Newton  method  BFGS  with  cubic 
linear  searching  (it  uses  values  of  the  objective  function 
and  its  first  derivative);  the  algorithm  2  is  based  on  inte¬ 
rior-reflective  Newton  method  (it  uses  values  of  the  ob¬ 
jective  function,  its  the  first  and  second  derivative). 

4,  Results 

Accuracy  properties  of  surveyed  algorithms  have  been 
calculated  for  classical  test  example  of  Tufts  and 
Kumaresan  (1982)  to  provide  an  opportunity  of  compari¬ 
son  with  other  methods.  The  model  with  two  uncorre¬ 
lated  Gaussian  sources  {M  =  2 )  with  equal  power 

( rjA.  =  1 ;  r2{,-  =  exp(  j7r/4) )  with  u\  =2n‘  0.5 ; 

u)2  ~  277  •  0.52 ;  N  -  2b  and  with  number  statisti¬ 
cally  independent  snapshots  K  =  10  was  used.  Means 
{J>i,cD2}  and  variances  of  estimations  of 

the  component  of  the  vector  w  were  computed  using 
results  of  the  estimation  for  1000  various  noise  realiza¬ 
tions  of  the  matrix  X .  The  mean  square  error  of  estima¬ 
tions 

was  computed  for  the  comparative  analysis  of  algo¬ 
rithms.  The  obtained  dependences  101og(e"Y-^^^) 


Fig.  1.  Dependence  mean  square  error  of  estima¬ 
tions  on  signal/noise  ratio. 
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Fig.  2.  The  estimation  of  trajectory  of  the  moving 
source. 


on  a  signal/noise  ratio  for  various  realizations  of  the 
algorithm  (0  -  algorithm  0;  1  -  algorithm  1;  2  -  algo¬ 
rithm  2)  are  presented  on  Fig.  1. 

Practical  opportunities  of  the  surveyed  approach 
were  explored  in  the  test  problem  of  determination  of 
an  angular  trajectory  a  =  7r/2  -  (3i  of  moving 
source  using  the  experimentally  obtained  snapshots  of 
the  signal  from  the  6-element  array  (UW  STAT), 
which  has  offered  Pierre,  Scott  and  Hays  (1997).  It 
enables  to  compare  the  suggested  method  with  other 
methods,  which  were  tested  on  these  data.  The  data 
set  no.  1  with  one  moving  source  with  constant  veloc¬ 
ity  has  been  used.  A  sliding  window  with  A  =  60 
snapshots  was  used  to  estimate  the  source  trajectory. 

The  true  source  trajectory  (1)  of  the  moving  source 
and  restored  (2)  using  the  measurement  data  by  means 
of  surveyed  method  are  presented  on  Fig.  2. 

The  obtained  results  have  confirmed  an  opportunity 
of  an  effective  use  of  surveyed  method,  and  not  only 
for  determination  of  parameters  of  stationary  sources, 
but  also  a  trajectory  of  the  moving  source. 
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Abstract 

Synthetic  aperture  radar  interferometer  provides  three-dimensional  information  by 
using  the  phase  as  an  information  source.  An  interferogram  contains  the  amplitude  as 
well  as  the  phase  information  of  a  SAR  image  pair.  The  resultant  phase  of  the  inter¬ 
ferogram  is  only  measured  modulo  I'k.  To  calculate  the  elevation  of  each  point  it  is 
necessaiy^  to  add  the  correct  integer  number  of  phase  cycles  to  each  phase  measure¬ 
ment.  The  problem  of  solving  this  2TT-ambiguity  is  called  phase  unwrapping.  On  the 
one  hand  decrease  of  the  interferometer’s  carrier  frequency  causes  larger  altitude 
variation  which  can  be  resolved  without  ambiguity.  However,  on  the  other  hand  de¬ 
crease  of  carrier  frequency  causes  decrease  of  accuracy  of  the  relief  altitude  estima¬ 
tion.  This  contradiction  may  be  resolved  for  example  in  the  multi-frequency 
interferometric  system,  but  it  is  expensive.  This  paper  presents  a  method  for  the 
phase-ambiguity  resolution  in  the  two-frequency  interferometer.  By  multiplying  sig¬ 
nals  with  different  carrier  frequency,  it  is  possible  to  resolve  phase-ambiguity  as  well 
as  provide  high-precision  of  relief  altitude  estimation.  This  work  presents  an  analytic 
equation  for  the  errors  in  the  InSAR,  for  the  carrier  frequency  calculation.  The  mod¬ 
eled  results  show  accurate  relief  estimation  as  well  as  phase  ambiguity  resolution. 

Keywords'.  SAR,  Interferometer,  Phase  unwrapping,  Multibase  SAR. 


Radar  interferometry  is  a  technique  for  extracting 
three  dimensional  information  of  the  Earth’s  surface 
by  using  the  phase  content  of  the  radar  signal  as  an 
additional  information  source  derived  from  the  com¬ 
plex  radar  data. 

The  general  geometry  of  SAR  interferometry  is 
illustrated  in  Fig.  1 . 

The  phase  difference  A(^  between  the  signals  re¬ 
ceived  from  the  same  surface  element  at  the  two  an¬ 
tennas  positions  is 

Av^[r,fe(r)]  ^  ~  (1) 

where  k  =  '^  =  —  -wave  number;  A-  the  wave- 
A  c 

length;  wq-  carrier  frequency;  H-  SAR  altitude; 
D  -  interferometer  base;  Rq  -  slant  range;  r  -  surface 
coordinates. 

Signal  in  the  interferometers  of  antennas  1  and  2 
may  be  written 

Ui{t)  =  Re  J* F[r,A(f)]G(t,f)5,)[t  -  r(t,r)]  x 

D 

xexp{jwo[<  -  T{t,r)])dr  -|-  ni(t) 

C  -  (2) 

ui{t)  =  Re  J  F[r,A(f)p(t,r)5,)[t  -  r(<,r)  -  t]  x 

D 

xexp{jwo[t  -  -  r']}dr  -f- 


where  «i,U2- received  signals;  F[r,A(r)]- complex 
scattering  coefficient;  A(r)  -  electro  physical  parame¬ 
ters;  G(t,r)- directional  pattern;  5o  -  complex  enve¬ 
lope  of  the  signal;  r(f,r)-  time  delay  for  the  1st 
antenna;  T{t,  r)  +  t'  -  time  delay  for  the  2nd  antenna; 
n(t)- additive  noise. 

Optimal  processing  algorithm  may  be  derived  from 
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the  equation  { In  p[u{t)  /  h{r)] }  =  0  where 

dX{r} 

—  (  }-  variational  derivative. 

0  ■ 

With  a  Gaussian  approximation  probability  density 
may  be  written  as 

p[«{f)/A(r)]  =  Kx 

T  T 

xexp  —  ~ 

where  K  -constant;  ]V\ti ,  ii ;  A(r)]  -  reverse- 

correlation  matrix;  l£[ii,t2;A(f)]  may  be  found  from 
the  inverse  integral  equation 

T 

f  Miut2;Mr)]  ■  mh,h-,Mr)]dt2  -  S(ti  -  h) . 

0 

Optimal  processing  algorithm  is  given  by  the  equation 


Hi2[<i,t2;A{r)]  dtidt2  = 


=  J  J  F*[fi,A(ri)]F[r2,A(r2)]x 

D  D 

Sexpijfl  1  p 

^ (3) 

T  T  T  T 

xexp{jQ[H,h{r),D 

0  0  0  () 

r  ^4;  M01‘^P2(*4  ^  r)dtidi2dl^dt^drdr^dr2 

The  solution,  which  gives  optimal  processing  algo¬ 
rithm  in  the  interferometer,  will  be 
T  T 

Yn,{r)  =  ff  «i(ii)Ri2[<hA.;A(r)}Sp(t.„?)rf<irffr,  x 


<f  f  MtMtuh;Mr)]s!(tum,dh 


where  5pi(t3,r)- point  signal. 

As  we  can  see  from  the  last  equation  proposed  al¬ 
gorithms  differ  from  the  classic  SAR  interferometer 
algorithm.  The  most  important  operation  is  the  de- 
correlation  of  the  input  signal  by  the  function 

A(r)]  and  further  matched  filtering  with  the 
point  signal  Spi(f,r) . 

An  interferogram  (left  part  of  the  equation  (4))  for 
the  proposed  algorithm  (as  well  as  for  classic  process¬ 
ing  algorithm)  contains  the  amplitude  and  the  phase 
information  of  a  SAR  image  pair.  The  phase  differ¬ 
ence  is  used  to  determine  altitude  of  the  surface  point. 
The  resultant  phase  of  the  interferogram,  which  is 
directly  related  to  the  topography,  is  only  measured 


Fig.  2.  Modelling  results 

modulo  27r .  To  calculate  the  elevation  of  each  point  it 
is  necessary  to  add  the  correct  integer  number  of 
phase  cycles  to  each  phase  measurement.  The  prob¬ 
lem  of  solving  this  27r -ambiguity  is  called  phase  un¬ 
wrapping. 

This  problem  appears  independently  of  the  inter¬ 
ferometric  processing  method.  Altitude  ambiguity 
interval  mainly  depends  on  base  and  wavelength. 
Moreover,  it  is  obvious  that  for  classic  interferometer 
altitude  ambiguity  interval  and  its  measurements  pre¬ 
cision  is  in  a  contradiction.  The  more  phase  measure¬ 
ment  precision  (smaller  base  or  smaller  wavelength) 
the  more  uncertainly,  and  vice  versa. 

There  are  many  different  methods  for  the  two- 
dimensional  phase  unwrapping.  However,  most  of 
them  require  additional  (a-prior>0  information  or 
some  empiric  assumption.  Therefore,  in  the  classic 
interferometer  it  is  impossible  to  provide  high  preci¬ 
sion  of  the  altitude  measurements  without  uncertainty. 

If  we  already  estimate  complex  image  and  its 
modulo  (radar  cross-section)  and  absolute  phase 
exp(jQlr,k(7')]}  altitude  estimation  may  be  found  from 

n[f,/i(r)]  =  arccos  .  (5) 

As  we  can  see,  it  is  necessary  to  estimate  altitude 
h(r)  from  the  ambiguous  function  with  the  pe¬ 
riod  27r . 

Function  Q[f,h(r)]  may  be  estimated  directly 
from  the  (5)  as  follows 

=  (6) 

where  Co  -  constant  denotes  phase  of  the  mean  alti¬ 
tude  H . 

Sign  ib  depends  on  the  altitude  behavior;  if  alti¬ 
tude  is  the  monotone  increasing  function  sign  must  be 
positive,  otherwise  it  must  be  negative. 

When  altitude  has  a  constant  first  derivative  (due  to 
a-priory  information)  it  is  easy  to  obtain  altitude  esti¬ 
mation  by  using  (6).  Cross-section  of  modeling  results 
are  shown  in  Fig.  2. 
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Fig.  4.  Estimation  results 


In  Fig.  2:  1 
function  arccos, _ 

Mr) 

usage  equation  (6),  without  constant  Cq  estimation. 

However,  if  altitude  changes  arbitrary  it  is  neces¬ 
sary  to  find  what  kind  of  the  sign  must  be  used  in  the 
equation  (6).  Therefore,  we  need  to  determine  where 
altitude  changes  from  monotone  increasing  to  mono¬ 
tone  decreasing.  To  do  this  it  is  necessary  to  find 
points  where  second  derivative  of  the  l^[r,/i(r)] 


=.^arccos|cos{A;i)^^-^^}|) 

changes  its  sign.  Moreover,  we  have  to  eliminate  all 

points  where  cos(kD~—  has  a  local  maximum 

or  minimum.  One  of  the  possible  methods  is  based  on 
the  next  equation: 


=  not 


d^  arccos  I  cos{/cD  ^^ 


df^ 


and 


mum/maximum  of  the  ambiguous  function 


arccos  I cos(A:i^""^p^'  ] 


behavior  of  the  D--  ,  2  - 

cos{kD  Pp}  ] ,  3-  result  of  the 


In  Fig.  3:  1,3-  altitude  monotone  increasing  zone, 
2-  monotone  decreasing  zone.  In  this  figure:  1-  func¬ 
tion  2,  3-  functions  cos(kD-  - 

Mr)  Mr)  ^ 

and  sin(A;i^-^_  PP) ,  correspondingly. 

Mr) 

Functions  in  the  equation  (7)  are  shown  below  in 
the  Fig.  4.  In  this  figure: 


4 -function  max 


arccos  {  cos(k  D  ^ ^  PP)} 


Mr) 


mm 


arccos  {  co%{k  D  ^ 


6-  result  of  the  space  point  estimation  (8)  where  alti¬ 
tude  changes  from  monotone  increasing  to  monotone 
decreasing. 

With  two-base  interferometer  algorithm  (7)  must 
be  modified  to 


arccos 


d^  arccos 


dr^ 


and 


Mr) 


df^ 


and 


{ not m ax f arccos {  cos{kDi^ — Mill) 

Mr) 


I 


(8) 


{ 


not  min 


arccos  ]cos(A:J>i—^  ^P)  ■  | 


I 


^(r) 


{notmax[arccos{cos(fcP:^^)|  jand  (7)  { not  max  [  arccos  {cos(^:  A  jand 


jnotmin 


arccos 


,  H-h{r) 


)l) 


jnotmin 


arccos|cos(tA:^^)}]} 


Algorithm  (7)  leaves  out  points  where  altitude 
changes  from  monotone  increasing  to  monotone  de¬ 
creasing  if  this  space  point  is  the  local  mini- 


Usually  it  is  not  necessary  to  use  all  equation  (9), 
quite  enough  to  find  points  with  first  two  members. 

For  the  modelling  was  used  the  same  altitude  as 
shown  in  Fig.  4  and  simplified  algorithm  (7)  which 
finds  space  points  where  altitude  changes  from  mono- 
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tone  increasing  to  monotone  decreasing  with  first  two 
members  of  the  (8). 

Modelling  results  are  shown  in  Figs.  6, 7. 

In  Fig.  6  bold  dotted  line  denotes  behaviour  of  the 
altitude  and  1,2  denotes  space  functions 

arccos { cos{k  Di  ^ 

^{)V) 


arccos {cos(A-D2  respectively. 

Results  of  the  application  algorithm  (8)  are  shown 
below  in  the  Fig.  6. 

In  Fig.  7:  1  -  func- 

cfi 


tion  — j  arccos 
dr^ 

tion  — r  arccos 
dr^ 


,2-  func- 

,  3-  result  of  the 


1,2  logical  multiplication. 

Two-base  interferometer  has  a  lower  probability  of 
living  out  points  where  altitude  changes  from  mono¬ 
tone  increasing  to  monotone  decreasing. 

When  altitude  changes  entail  absolute  phase  changes 
on  C  •  27r  it  is  impossible  to  find  exact  altitude  with¬ 
out  a-priory  information.  It  is  necessary  to  choose  A 
(wavelength)  and  D  (interferometer  base)  to  avoid 
ambiguity. 

When  maximum  altitude  jump  is  known  A/i(r)  it 

is  possible  to  provide  non-ambiguous  altitude  meas¬ 
urements  for  selected  ranges 

Iii){r)e\R^,^„s{r)...noMAx{r)]  by  choosing  fre- 
quency  and  base. 

Potential  exactness  of  the  altitude  estimation  for 
the  great  signal-to-noise  ratios  may  be  founded  from 

the  equation  ai  — - — ,  where  f.i  denotes  sig- 


nal-to-noise  ratio. 

It  is  obvious  that  for  classic  interferometer  altitude 
ambiguity  interv^al  and  altitude  measurements  preci¬ 
sion  are  in  contradiction.  The  more  measurement  pre¬ 


cision  (smaller  base  or  smaller  wavelength)  the  more 
uncertainly,  and  vice  versa. 

Multi-base  (in  a  simplest  case  2-base  interferome¬ 
ter)  allow  to  avoid  uncertainly  in  altitude  measure¬ 
ments  as  well  as  provide  high  accuracy  in  the  one- 
base  interferometer. 

When  maximum  altitude  jump  is  given  for  the 
smaller  base  ( Dy )  must  satisfy  an  equation: 


/a//.v  —  f\  -  7 


c  •  R 


(9) 


where  R^max  -  maximal  slant  range  for  the  scene; 
^hfAX  “  maximum  supposed  altitude  jump. 

The  second  base  frequency  (D^)  must  be  chosen  to 
provide  altitude  ambiguity  interval  less  than  altitude 
estimating  errors  on  the  first  (Di)  frequency 


C  •  R{)\fAX 

2fD, 


(10) 


In  this  case  (for  given  maximum  altitude  jump)  in 
the  two-base  interferometer  potential  exactness  may 
be  found  with  the  equation  when  D2  chosen  from  the 
exact  equality. 

When  potential  exactness  (variation  of  the  altitude  es¬ 
timation  errors)  is  given  in  reverse  order  to  above  com¬ 
putation  we  can  estimate  ambiguity  altitude  inter\'al. 
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Abstract 

The  dependencies  of  errors  of  phasing  of  antenna  arrays  (PAA)  with  spatial  exci¬ 
tation  from  parameters  of  distortion  of  a  hull  structure  surveyed  is  reviewed.  The  op¬ 
portunity  of  build-up  of  algorithms  of  adaptation  to  such  distortions  is  rotined, 
utillizing  results  of  built-in  system  of  UHF  of  the  check  of  PAA,  the  expected  results 
from  their  application  rated. 

Keywords:  Adaptation,  distortion  of  a  construction  of  PAA. 


1.  Introduction 

The  solution  of  problems  of  adaptation  of  the  phased 
antenna  array  (PAA)  in  mobile  radio  systems  (MRS) 
to  technical  condition  is  possible  when  PAA  incorpo¬ 
rates  a  control  system  of  a  beam  (beam  control  sys¬ 
tem  -  BCS)  of  the  built-in  microwave  array 
construction  control  system.  Antenna  construction 
distortions  resulting  in  change  of  co-ordinates  of  ra¬ 
diator  phase  centres  with  respect  to  the  designed  ones 
lead  to  in  deterioration  of  operation  of  PAA  and  MRS 
as  a  whole  [1]. 

In  mobile  MRS,  there  are  usually  applied  transceiv- 
ing  PAAs  with  spatial  excitation.  For  power  colli- 
mation  in  such  arrays  there  are  used  the  same  phase 
shifters  (PS),  as  for  the  beam  control.  For  this  reason, 
it  is  expedient  to  solve  the  problem  of  definition  of  the 
antenna  construction  condition  simultaneously  with 
that  of  PAA  PS  diagnostics.  The  PAA  diagnostics 
methods  developed  recently  [2,  3]  allow  solving  a 
complex  of  problems,  which  includes  the  following: 

•  determine  real  values  of  implemented  phase  dis¬ 
tribution  (PD)  of  PAA  PS  when  acting  on  them 
with  nominal  steering  signals  [2,  3]; 

•  determine  en*ors  in  realization  of  PD  in  the  an¬ 
tenna  aperture  taking  into  account  the  design  col- 
limation  correction  and  PS  electrical  lengths  codes 
stored  in  the  BCS  processor  [4,  5]; 

•  using  the  results  of  the  PD  control,  restore  distor¬ 
tions  of  the  antenna  array  construction; 

•  make  corrections  to  BCS  algorithms  taking  into 
account  detected  changes  in  the  antenna  construc¬ 
tion  and  error  in  PS  functioning. 

The  given  above  list  of  procedures  of  control  and 
PAA  adjusting  is  urgent  at  the  finite  probability  of 
extreme  case  occurrence  in  the  process  of  exploita¬ 
tion,  maintenance  and  transportation  of  MRS  with 
PAA. 


2.  Statement  of  the  Problem 


Assume  that  the  array  aperture  coincides  with  a  plane 
xOy  of  the  rectangular  co-ordinate  system,  whereas 
the  normal  to  the  aperture  is  directed  along  a  Oz  -axis. 
In  this  case,  errors  of  phasing  of  the  array  with  spatial 
excitation  at  the  expense  of  antenna  construction  dis¬ 
tortion,  in  accordance  with  [4],  can  be  presented  as: 


27r  f 


\-h, 


A  I 


AX; 


+  COS  Oyidy 


1  ~  + 


kd,. 


zd./. 


+  z.j  cos  Of. 


+ 


(1) 


where  i  €  -  1;  k  e  Ny  ~  1  is  the  number  of 

rows  and  columns  of  PAA  radiators; 
cos  9.J.  ~  sin  Of,  cos  (pf, ; 

cos  Oy  =  sin  Of,  cos  (pf,  are  directing  cosines; 
0f,  ,(Pf,  are  elevation  angle  and  of  an  azimuth 
of  direction  of  phasing,  respectively; 
d.j.ydy  are  distances  between  lines  and  col¬ 
umns  of  radiators; 

X,  =  -h  Ax, ;  y^,  =  kdy  +  are 

Cartesian  coordinates  of  an  z ,  k  radiator; 
Ax,; ,  A  yj.  are  biases  of  the  i  -th  row  and  of  the 
k  -th  column  relative  to  their  design  positions; 

are  transfer  coefficients  of  devices  con¬ 
verting  digital  codes  to  phase  shifts  (for  ex¬ 
ample,  transformers  of  ‘code-current’,  power 
amplifiers  and  ferrite  PSs  [4,  5]); 

=  z.i  =  Zf,  of-  bias  of  the  i ,  k  -th  radia¬ 
tor  along  the  Oz  axis. 

It  follows  from  (1),  that  the  PAA  adjustment  can  be 
realized  with  the  following  methods: 


•  measure  Ax,;,  and  remove  a  reason  of 

A'0,;j^.  emergence  by  restoration  of  a  design  condi¬ 
tion  of  the  array  construction; 
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•  change  transfer  coefficients  /i,|.  BCS  so  that  to 
compensate  the  influence  of  Arr,,A7/i  and  mini¬ 
mize  A  • 

In  PAA  with  spatial  excitation,  distortions  of  an  ar¬ 
ray  construction  influence  also  on  the  concordance  of 
conformity  with  their  design  values. 

When  there  is  no  PS  in  an  antenna  aperture,  there  is 
established  the  initial  PD  due  to  sphericity  of  a  wave 
radiated  by  the  feed  [4] 

<Pa  =  +  yl  +  fo  ^  fv]^ 

where  is  the  distance  from  a  feed  phase  centre  up 
to  aperture  phase  centre. 

The  codes  of  phase  shifts  assigned  for  compensa¬ 
tion  of  both  the  phase  front  sphericity  and  the  disper¬ 
sion  of  PS  electrical  lengths  should  meet 

conditions 

i’tk-  =  V’a-  +  V’l)..  •  (3) 


It  is  expedient  to  include  in  quantity  (pm  also  addi¬ 
tion  necessar)^  for  compensation  of  a  Zij^.  divergence 
along  Oz  -axis. 

At  the  row-column  control  of  FS,  are  calcu¬ 


lated  by  the  approximate  relation 

2ir\{idJ +{kdj 


9  a-  =  -- 


=  ^.  +  9k  ■  (4) 


It  is  not  difficult  to  show,  that  the  errors  in  estima¬ 
tion  of  the  collimation  correction  Av?,  * ,  when  the 
array  construction  changes,  are  equal  to: 


£^9a  = 


27r 


(5) 


From  (5)  it  follows  that,  having  obtained  numerical 
estimates  of  Ay?,.* ,  it  is  possible  to  solve  two  impor¬ 
tant  problems:  to  correct  tables  of  the  collimation  cor¬ 
rections  and  determine  distortions  of  antenna 
construction.  The  numerical  values  of  Ai,,  Ayt. ,  one 
can  use,  in  turn,  for  correction  of  with  the  pur¬ 
pose  of  minimization  of  l^il>,,k  corresponding  to  (1). 


3.  Methods  of  Measurements 

In  PAA  with  spatial  feeding,  it  is  possible  to  measure 
and  Ayj,.*.  only  with  indirect  methods.  Most  rationally  is 

to  make  this  with  the  methods  described  in  [2, 3]. 

A  method  based  on  application  of  the  Walsh  trans- 
fonn  (a  DWT  method  in  [2,  3])  consists  in  representa¬ 
tion  of  the  antenna  array  amplitude-phase  distribution 
(APD)  by  a  Walsh  series  and  in  the  time  successive 
measurements  of  a  series  coefficients.  Coordinates  of  a 
sounding  signal  (SS)  source  are  considered  known. 
Further,  applying  the  procedure  of  the  inverse  DWT,  it 
is  possibility  to  reconstruct  the  APD  actually  realized  in 
the  antenna.  Having  compared  The  measured  values 


yj, j;.  (taking  into  account  the  information  about  y?,,., ) 

with  their  calculated  values  one  can  estimate  PAA  con¬ 
struction  distortions.  However,  in  this  case,  unknown  is 
an  ability  of  antenna  array  PS  to  compensate  the 
sphericity  of  the  phase  front  with  the  needed  accuracy. 

In  [2,  3],  there  is  proposed  the  adaptive  method  of 
measurements  of  a  series  coefficients,  with  which  the 
phase  distribution  (PD)  is  represented,  -  the  Newton 
method.  Its  essence  is  in  organization  of  an  iterative 
procedure  of  search  of  those  coefficients  of  a  Walsh 
series,  which  satisfy  a  condition  of  obtaining  SS 
maximum  power  in  the  array  adder.  The  obtained 
estimates  of  coefficients  are  recalculated  in  PDS  and 
realized  with  array  PS  with  a  reversed  sign.  Thus,  two 
problems  are  solved  simultaneously:  y>,ji.  are  meas¬ 
ured  (at  known  y>(),.  )  and  the  array  PS  capabilities  are 
assessed  to  minimize  Ay>,,j.  down  to  given  values. 

It  is  known  that  the  measurement  method  basing  on 
the  Newton  procedures  form  asymptotically  optimum 
estimates  of  the  measured  values  at  an  attainable 
minimum  number  of  iterations.  The  versions  of  realiz¬ 
ing  the  Newton  method  at  PAA  diagnostics  are  speci¬ 
fied  in  [2, 3]. 

4.  Recommendation  on  Application; 
Expected  Results 

The  procedures  described  above  can  be  used  as  basis 
when  creating  the  microwave  control  and  PAA  ad¬ 
justment  system  built-in  in  MRS.  The  presence  of  the 
computer  and  the  analog-to-digit  converter  of  receiv¬ 
ing  signals,  being  incorporated  in  MRS  are  the  suffi¬ 
cient  condition  for  the  method  realization  without 
additional  apparatus  expenses.  As  SS  sources,  there 
can  be  used  the  sources  of  information  signals;  spe¬ 
cially  organized  SS  or  re-reflectors  of  signals  radiated 
with  PAA  in  the  transmission  mode  [2.  3]. 

The  MRS  built-in  microwave  system  of  the  an¬ 
tenna  control  allows  the  following: 

•  lowering  an  antenna  structure  weight  at  the  ex¬ 
pense  of  lowering  the  requirements  to  its  rigidity; 

•  bringing  together  the  implemented  and  potential 
characteristics  of  PAA  at  the  replacement  of  BCS 
element  basis  with  more  modem  and  precise; 

•  increasing  serviceability  of  the  antenna  metal  con¬ 
struction  at  the  replacement  of  PAA  element  basis. 
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Abstract 

The  parametric  estimation  technique  for  a  source  emitting  white  Gaussian  noise  in 
the  presence  of  white  Gaussian  noise  background  with  an  unknown  covariance  ma¬ 
trix  is  considered.  Simultaneous  estimation  of  both  the  source  parameters  and  the  un¬ 
known  covariance  matrix  of  noise  background  can  be  conducted  when  the  source 
moves,  i.e.  its  steering  vector  varies  in  time.  For  this  scenario,  the  maximum- 
likelihood  statistic  was  derived  for  estimation  of  the  source  power  and  the  noise  co- 
variance  matrix.  Simplification  of  maximum-likelihood  equations  was  performed  as¬ 
suming  a  great  number  of  snapshot  vectors  and  low  signal -to-noise  ratio.  The  results 
of  stochastic  numerical  simulation  are  given  in  case  of  a  point  source  moving  across 
the  uniform  sensor  array  (it  was  assumed  that  the  source  track  lies  in  near-field  zone 
of  sensor  array)  in  the  presence  of  uniform  noise  background  and  strong  interference. 
The  effectiveness  of  the  adaptive  beamformer  using  the  inverse  estimate  of  the  co- 
variance  matrix  of  non-uniform  noise  background  was  demonstrated. 

Keywords:  Maximum-likelihood  parametric  estimation,  Gaussian  signal,  adaptive 
beamformer. 


1.  Introduction 

Parameter  estimation  of  spatially  distributed  noise 
sources  in  the  presence  of  some  noise  background  is 
an  important  requirement  in  passive  remote  sensing, 
e.g.,  in  radioastronomy,  hydroacoustics,  etc.  In  most 
scenarios  the  vector  snapshots  of  array  output  in  the 
case  of  narrow  bandwidth  assumed  to  be  white  zero- 
mean  Gaussian  noise  with  some  NxN  covariance 
matrix  €>  where  N  is  the  number  of  array  sensors. 
Estimation  of  the  parameters  characterizing  the 
sources:  source  powers,  directions-of-arrival  (DOA), 
etc.  assumes  some  a  prioiy  known  structure  of  the 
covariance  matrix.  Numerous  issues  were  addressed  at 
the  parameter  estimation  for  various  models  of  co- 
variance  matrix  structure.  Well-known  MUSIC,  ES¬ 
PRIT,  and  other  high-resolution  methods  involve  the 
spatial  harmonic  model  of  statistically  independent 
sources  with  a  uniform  noise  background.  A  lot  of 
papers  were  addressed  at  the  model  involving  several 
point  sources  and  the  unknown  structured  covariance 
matrix  of  noise  background.  For  instance,  DOA  esti¬ 
mation  was  studied  in  the  presence  of  unknown  di¬ 
agonal  matrix  [1,2].  However,  in  some  scenarios  we 
cannot  exploit  any  a  priory  structure  of  the  covariance 
matrix,  except  its  part  concerning  the  spatial  structure 
of  estimated  source  (or  sources).  In  this  case,  for  in¬ 
stant,  the  full  covariance  matrix  can  be  written  as 

<I>  =  ^()aa^  -f  K ,  (1) 

where  is  the  unknown  source  power,  a  is  the  steer¬ 


ing  vector  depending  on  unknown  parameters  (e.g., 
DOA),  and  K  is  any  unknown  matrix.  Evidently,  the 
parameter  cannot  be  found  from  known  full  covari¬ 
ance  matrix  ( 1 )  even  if  the  steering  vector  is  known. 

The  correct  solution  of  the  above  mentioned  prob¬ 
lem  can  be  found  when  the  steering  vector  of  estimated 
source  varies  during  observation  time,  i.e.,  the  full  co- 
variance  matrix  is  non-stationaiy.  This  approach  was 
proposed  in  [3]  where  the  unknown  covariance  matrix 
of  an  extended  moving  source  was  estimated  in  the 
presence  of  an  unknown  noise  background. 

This  work  is  focused  on  the  simplified  problem:  the 
maximum-likelihood  power  estimation  for  one  mov¬ 
ing  point-source  in  the  presence  of  unknown  noise 
background. 

2.  Signal  Model 

Let  X 1  complex-valued  vectors  stand  for  sensor 
array  outputs,  where  j  is  the  discrete  time,  ;  — 

These  vectors  assumed  to  be  zero-mean  Gaussian  dis¬ 
tributed  with  the  covariance  matrix 

(2) 

where  6^^  is  the  Kronecker  symbol,  (•)^  denotes 
Hermitian  conjugation,  and 

Oj  =  Ooaj&f  +  K  ,  (3) 
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the  vectors  represent  time  series  of  steering  vec¬ 
tors  varying  due  to  source  motion.  The  log-likelihood 
function  for  model  (2)  is 
j 

A(6lu,K)  =  -^^[IndetOj  +x7<D7'xj]  -  J\n2-r  (4) 
i-1 

and  inserting  (3)  into  (4)  results  in 

j 

A  =  -Jlndet  A"  -  - 

2  (5) 

-^1)  J  - 1"  -  *^Jn27r, 

1  +  U(jUJj 


U)j  =  Xj  =  afK  ’x_,.  (6) 

Therefore,  a  correct  estimation  of  source  power  6q 
requires  simultaneous  estimation  of  K  . 

3.  The  Adaptive  Estimator  of  a 
Source  Power 

The  maximum-likelihood  equations  for  estimates  of 
0,)  andK, 

can  be  written  as  the  system  of  two  non-linear  equations 

^  _ I  ^  Q 

^  1  +  0^)LJj  (1  +  9i)UjjY 

(8) 

+w!'-(i  +  x^K”?l. 


X‘=7E«j’'f 

Direct  solution  of  (4)  is  difficult.  Thus,  some  simplifi¬ 
cation  of  (8)  is  required.  Two  assumptions  can  be 
taken  into  account  for  this  simplification.  The  first 
one  is  that  the  sums  in  (8)  are  close  to  the  sums  of 
expectations, 

J  J 

when  J  >  1 .  The  second  assumption  is  that 
<  1 .  Note  that  this  dimensionless  parameter 

characterizes  signal-to-noise  ratio  (SNR),  and  the  case 
of  low  SNR  is  of  a  greatest  importance. 

Using 

E{x}xjaf}  =  E{x'jajxf }  =  (1  -h  , 

E{i  Xj  P}  = 


and  the  above  mentioned  assumptions,  the  following 
simplification  of  the  second  equation  in  (8)  can  be  found 

K  -  X  -  A)A,  (9) 

where 

A = 4e«-«? 

The  same  simplification  of  the  first  equation  in  (8)  gives 

A.  =  E(Ix,P-‘^7)/E‘".-  00) 

j=l  3~\ 

Inserting  (9)  into  (10)  results  in  the  simple  nonlinear 
equation  for  the  estimate  of  : 


^{1  af  (X  -  e,krx,  P  -af  (X  -  e„A)-'a,} 

=  ^ 

52[af(X-^oA)-’a,p 

3^\ 

Substituting  the  solution  (11)  into  (9)  gives  the  esti¬ 
mate  of  unknown  matrix  K  , 

4*  Numerical  Simulation 

The  scenario  for  numerical  simulation  is  illustrated  by 
Fig.  1.  The  point  source  of  Gaussian  signal  moves 
over  a  uniform  linear  sensor  array;  the  source  track  is 
perpendicular  to  the  array.  The  track  parameters  and 
the  source  velocity  V  are  assumed  to  be  known. 

It  was  assumed  that  the  current  distances  r„  ^  be¬ 
tween  the  source  and  n  th  array  sensors  at  j  th  time 
instance  tj  are 

^  ^  nri  .y  _L  (1  ^ 


'^V.3  =  V^()  + 

where  /„  =  (n  -  (iV” -f  1)  /  2)rf ,  w  =  l,...,A^,  d  is 
array  spacing,  Tq  ,  H)  are  track  parameters.  The  current 
steering  vectors  for  this  scheme  are 

a^-  =  , 

I  ^l.j  } 

where  k  =  27r j;,  /  c ,  /o  is  the  central  frequency,  and 
c  is  the  propagation  speed. 


Noise 

background 

/ 


Noise 

background 


^  Source 

^ . . 

Sensor  array 


Interference 


Source  track 


Fig,  1.  Scheme  for  numerical  simulation 
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Conventional  beamformer  Adaptive  beamformer 


Time  - - - -  Time 


Fig.  2.  Examples  of  conventional  and  adaptive  es¬ 
timator  outputs 

The  estimates  Pj  of  current  power  of  array  output 

in  the  presence  of  a  uniform  noise  background  can  be 
written  as 

Pj=  Y  (12) 

where  =  2J()  -I- 1  is  an  average  interval,  and  the 
constant  steering  vector  ao  corresponds  to  for  the 
time  instance  tj  —  0 ,  i.e.  for  the  minimal  distance  Vq 

between  the  source  and  the  array.  The  estimate  (12) 
involves  a  conventional  beamformer  with  the  steer¬ 
ing  vector  ao .  Maximum  of  Pj  corresponds  ap¬ 
proximately  to  the  source  power  ^o  : 

{Pj }  -  ^0  +  V  (13) 

Some  bias  in  this  estimate  can  be  easily  eliminated.  In 
the  case  of  arbitrary  noise  covariance  matrix,  the  es¬ 
timate  (12)  should  be  rewritten  using  the  adaptive 
beamforming 

^.  =[7-  E  |a?K-Vp)/(a(?K-%)^(14) 

The  numerical  simulation  of  the  above  scheme 

was  carried  out  for  the  examination  of  the  proposed 
technique,  which  permits  us  to  estimate  simultane¬ 
ously  the  source  power  ^0  well  as  the  covariance 
matrix  K  .  The  estimate  of  this  matrix  is  determined 
by  (9)  after  inserting  the  solution  of  Eq.  (1 1)  into  (9). 
Note  that  the  estimation  of  K  plays  more  important 
role  as  compared  with  the  estimation  of  9q  ,  since  (11) 
is  more  sensitive  to  the  mismatch  between  the  shape 
of  source  field  covariance  matrix  at  the  sensor  array 
and  its  model  in  comparison  with  (13).  The 

simulation  was  performed  for  the  covariance  matrix 
involving  a  uniform  noise  background  and  the  strong 
interference: 


K  cr*  I  4* 

where  I  is  identity  matrix,  and 

^ ^  ^  sin  a^n  sin 

is  the  interference  DOA.  It  was  assumed  for 
simulation  ^0  =  1 »  =  10,  al,  -  10^ , 

sina,;„  =  0.7  and  N  =  16. 

The  results  of  the  numerical  simulation  are  illus¬ 
trated  by  Fig.2  for  the  conventional  beamformer  (12) 
and  adaptive  beamformer  (14)  with  inserting  the  esti¬ 
mate  of  covariance  matrix  (9). 

As  follows  form  Fig.  2,  the  adaptive  estimator  re¬ 
produces  the  increase  and  decrease  of  the  array  output 
power  corresponding  to  source  motion  in  contrast  to 
the  estimator  using  the  conventional  beamformer. 

5.  Conclusion 

The  maximum-likelihood  parameter  estimation  tech¬ 
nique  was  developed  for  snapshot  vectors  of  sensor 
array  output  in  the  case  of  a  moving  source  emitting 
white  Gaussian  noise  and  a  non-uniform  stationary 
unknown  noise  background.  The  simplified  maxi- 
mum-likelihood  equations  were  derived  for  a  great 
number  of  snapshots  and  low  SNR.  The  effectiveness 
of  this  approach  was  confirmed  by  the  numerical 
simulation. 
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Abstract 

Parametric  estimation  technique  for  deterministic  space-time  signals  on  the  output 
of  linear  sensor  array  in  the  presence  of  white  Gaussian  noise  with  unknown  covari¬ 
ance  matrix  is  considered.  For  this  scenario,  the  derived  maximum-likelihood  statis¬ 
tics  become  invariant  with  respect  to  the  structure  of  noise  covariance  matrix,  i.e., 
using  of  derived  statistics  corresponds  exactly  to  adaptive  array  processing.  It  was 
found  that  in  the  simplest  case  of  one  source  and  factorized  spatial  and  time  compo¬ 
nents  of  deterministic  signal,  the  statistic  can  be  represented  exactly  as  the  combina¬ 
tion  of  two  trivial  statistics:  the  first  one  corresponds  to  conventional  time  matched 
filtering  and  adaptive  beamforming  with  the  weight  vector  obtained  from  empirical 
covariance  matrix  of  snapshots  (i.e.,  from  observed  mixture  of  noise  and  determinis¬ 
tic  component),  and  the  second  one  is  the  same  statistic  derived  for  unknown  shape 
of  steering  vector.  A  stochastic  numerical  simulation  showed  that  the  statistic  pro¬ 
posed  eliminates  some  estimate  bias  appearing  for  the  adaptive  beamformer  with  in¬ 
verse  covariance  matrix  of  snapshots. 

Keywords:  Maximum  likelihood  parametric  estimation,  adaptive  space-time 
processing,  adaptive  beamformer. 


1.  Introduction 

The  widely  used  space-time  signal  model  characteriz¬ 
ing  snapshots  of  array  output,  e.g.,  in  radar  or  sonar 
applications,  can  be  represented  as  an  additive  mix¬ 
ture  of  deterministic  component  of  known  space-time 
shape  with  some  unknown  parameters  (complex¬ 
valued  amplitude,  direction  of  arrival,  time  delay, 
Doppler  frequency  shift,  etc.)  and  zero  mean  random 
Gaussian  component  (ambient  noise,  interference, 
etc.).  As  a  rule,  the  estimator  of  unknown  parameters 
is  derived  from  likelihood  function  providing  asymp¬ 
totic  minimum  of  estimate  covariance.  Computational 
effectiveness  of  this  approach  often  depends  on  the 
number  of  unknown  parameters  maximizing  the  like¬ 
lihood  function  (LF).  In  some  cases,  on  the  first  stage, 
particular  LF  maximum  can  be  found  analytically 
with  respect  to  a  subset  of  unknown  parameters.  Sub¬ 
stituting  these  analytic  estimates  into  LF  gives  the 
estimator  for  the  rest  of  unknown  parameters.  This 
estimator  does  not  depend  on  the  parameters  excluded 
on  the  first  stage,  i.e.,  it  is  invariant  with  respect  to  the 
values  of  excluded  parameters.  For  instance,  unknown 
parameters  appearing  linearly  in  the  deterministic 
component  and  characterizing  unknown  complex¬ 
valued  amplitudes  are  excluded  in  a  well-known  sim¬ 
ple  manner.  A  more  complex  problem  is  to  exclude 
noise  covariance  matrix  when  it  is  unknown.  Note 
that  the  estimator  after  excluding  the  covariance  ma¬ 


trix  becomes  invariant  with  respect  to  the  structure  of 
this  matrix,  i.e.,  exploiting  of  this  estimator  can  be 
considered  as  the  exact  form  of  space-time  adaptive 
processing  [1]. 

Parametric  estimation  in  the  presence  of  unknown 
noise  covariance  has  been  recently  studied  for  some 
models  of  snapshot  vectors  [2,3]  under  assumption 
that  time  waveforms  corresponding  to  each  source  are 
unknown.  Therefore,  the  problem  was  formulated  as 
simultaneous  estimation  of  these  waveforms  and  di¬ 
rections  of  arrival.  This  work  is  focused  on  another 
problem;  simultaneous  estimation  of  several  scalar 
parameters  under  assumption  that  both  the  spatial  and 
time  shapes  of  deterministic  component  are  known. 
As  will  be  shown,  this  model  permits  us  to  derive  the 
estimators  in  a  simple  closed  form. 

2.  General  Form  of  Adaptive 
Estimator 

Consider  the  case  when  jth  N  xl  complex-valued 
snapshot  vector  of  sensor  array  outputs  Xj  can  be 
modeled  as 

Xj  =m(ij,9)-b^j,  ;  =  (1) 

where  N  xl  vectors  are  zero-mean  white  Gaus¬ 
sian  noise  with  the  unknown  covariance  ma- 
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trix K  —  } ,  and  N  xl  vector  m(^,0)  repre¬ 

sents  the  deterministic  component  with  known  space- 
time  shape  and  unknown  parameter  vector  0  .  Log- 
likelihood  function  for  the  model  (1)  is 

j 

A(0,K)  =  -[J In  det K  +  +  C] ,  (2) 

5,  (3) 

where  =iii(ij,0),  C'  =  Jln27r,  0^  stands  for 

Hermitian  conjugation.  The  estimate  K  providing 
particular  global  maximum  of  (2)  is  found  in  a  trivial 
manner  (see,  e.g.,  [4]) 

K-7E5,§/  (4) 

Inserting  (4)  into  (2)  gives  the  statistic  which  is  in¬ 
variant  with  respect  to  the  structure  of  noise  covari¬ 
ance  matrix: 

0  =  argmaxo 

T,  (0)  =  A(0,  K)  =  -  J  In  det  K  -  J  G  (5) 

where  0  is  the  maximum-likelihood  estimate  of  pa¬ 
rameter  vector.  Equations  (3)-(5)  represent  general 
form  of  adaptive  estimator.  Note  that  (5)  has  a  similar 
form  to  the  statistics  proposed  in  [2,  3],  however  (5) 
represents  the  exact  form  of  maximum-likelihood 
statistic  when  the  space-time  shape  of  deterministic 
signal  is  known. 

Evidently,  Eq.  (5)  cannot  be  interpreted  in  terms  of 
beamforming  and  matched  time  filtering.  This  interpre¬ 
tation  can  be  given  for  simplified  model  of  determinis¬ 
tic  component  with  factorized  spatial  and  time  signals. 


3.  Factorized  Model  of  Space-Time 
Signal 

The  simplest  model  of  deterministic  component  in  the 
case  of  one  source  and  narrowband  received  signal 
can  be  formulated  as  follows: 

(6) 

where  a  is  a  steering  vector,  Sj  is  time  series,  and 

is  the  unknown  complex-valued  amplitude.  It  is  as¬ 
sumed  that  both  the  spatial  and  time  multipliers  in  (6) 
depend  on  unknown  parameter  vector  0^ ,  i.e., 

where  T  denotes  transpose.  It  is  as¬ 
sumed  that  ^3  P  =  1  • 

Implementation  of  the  model  (6)  results  in  the 
following  transformation  of  (4) 

K  =  X  +  (^oa  -  yX^oa  -  y)^  -  yy^ ,  (7) 

where 


Note  that  y  represents  array  output  after  conven¬ 
tional  matched  time  filtering,  and  X  is  the  empirical 
covariance  matrix  of  snapshots  that  are  mixture  of 
noise  and  deterministic  component.  Substituting  (7) 
into  (5)  gives 

TX0i,^o)  -  J ln[det X .  7;:,o(0i,^o)]  -J-C,  (9) 
where 

^,0  ~  *“  “11  —  flfiy  1^  ,  (10) 

l^aa  H  ^0  P  a^X-^a,  fly,,  =  y^X-V, 

fJ'ay  =  Ooy'^X-^a. 

Further  maximizing  of  (10)  with  respect  to  6^  re¬ 
sults  in  the  estimator  of  Oj : 


01  =  argmaxe,  Ty  (Gi), 

=  =  (11) 

■^a,s  "r  J- 


where 


(12) 

(13) 


We  have  found  that  the  maximum-likelihood  esti¬ 
mator  (1 1)  of  parameter  vector  0^  is  the  simple  com¬ 
bination  of  two  well  known  statistics  (12),(13)  used  in 
radar  applications  for  evaluation  of  probabilities  of 
false  alarm  and  detection  [1].  The  first  one  is  the 
adaptive  beamformer  combined  with  conventionally 
matched  time  filtering.  The  second  one  corresponds  to 
incoherent  spatial  processing  which  can  be  employed 
when  the  shape  of  the  steering  vector  is  unknown,  i.e., 
if  each  element  of  a  is  an  unknown  parameter.  Note 
that  maximization  of  (1 1)  with  respect  to  a  yields  the 
estimate  a  =  y  and  the  exact  equality 


Tn  =  T, 


When  only  spatial  signal  parameters  appearing  in 
the  vector  a  are  unknown,  their  estimation  can  be 
performed  using  (12)  since  (11)  is  the  monotonous 
function  of  7^, , .  Another  case  of  unknown  time  pa¬ 


rameters  appearing  in  the  time  series  (or  when 

both  the  spatial  and  time  parameters  are  unknown) 
requires  simultaneous  exploiting  of  both  the  Eqs.  (12), 
(13)  combined  according  to  (11).  Although  (12)  can 
be  also  used  in  this  case,  estimation  performance  be¬ 
comes  worse  as  compared  with  (11)  as  follows  from 
numerical  simulation. 

Numerical  stochastic  simulation  was  performed  for 
evaluating  of  estimation  performance  of  the  statistics 
(11),  (12),  (13)  for  uniform  linear  array.  This  simula¬ 
tion  was  conducted  under  assumption  that  K  —  cr^I , 
where  I  is  identity  matrix.  The  estimation  of  frequency 
/  was  modeled,  and  source  bearing  was  assumed  to  be 
known:  Sj  =  Qxp27riftj ,  a„  =  exp(a.4n) ,  AT  =  32, 


International  Conference  on  Antenna  Theory  and  Techniques,  9-12  September,  2003,  Sevastopol,  Ukraine  415 


A.  A.  Rodionov  and  V  I.  Turchin 


Fig.  1.  The  ratios  a^/A/  (log-scale)  versus  output 

SNR  for  the  statistics  (11)  (12) 

(13)  -V,  (15)  -  A  and  CRLB  (dashed  line) 

J  ==  128  (the  parameter  vector  Oj  is  represented  by 
one  scalar  parameter/).  The  RMS  of  frequency  esti¬ 
mate  aj  was  computed  for  the  statistics  (1 1)-(13)  and 

for  the  statistic  , 

(15) 

a"a 

assuming  the  uniform  noise  covariance  matrix  is  a 
priory^  known.  The  simulation  was  performed  with 

- 10'’  samples.  The  ratios  af  /  A/  versus  output  sig- 
nal-to-noise  ratio  SNRi) 

SNR,  ==  20  log  \eo\ /a  +  lOlog  iVJ  [dB], 

are  given  in  Fig.  1  with  the  Cramer-Rao  lower  bound 
(CRLB).  Here,  A/  is  the  resolution  in  the  frequency 

domain:  A/“^  =  T  ~  J ,  T  is  observation  time,  and 
CRLB  corresponds  to  the  scenario  with  the  known 
uniform  covariance  matrix. 

As  follows  from  Fig.  1,  the  statistics  (11), (13)  pro¬ 
vide  RMS  of  estimates  close  to  CRLB  when 
SNR^^  >  20  dB.  On  the  contrary,  usage  of  the  statistic 
(12)  leads  to  some  bias  in  the  estimate;  the  difference 


between  RMS  and  CRLB  increases  with  increasing  of 
the  output  SNR.  This  fact  can  be  explained  by  presence 
of  deterministic  component  in  snapshots  used  for  com¬ 
putation  of  empirical  covariance  matrix  X .  However, 
the  difference  between  (11)  and  (12)  is  negligible  in 
some  range  ('- 18..  .25  dB)  in  the  neighborhood  of  the 
output  SNR  corresponding  to  sharp  increase  of  RMS. 

4.  Conclusion 

Maximum-likelihood  estimator  for  the  mixture  of 
deterministic  space-time  signal  with  known  shape  and 
white  Gaussian  noise  with  unknown  covariance  ma¬ 
trix  is  proposed;  this  estimator  does  not  depend  on  the 
structure  of  arbitrary  noise  covariance  matrix.  For  the 
simplest  case  of  one  source  and  factorized  space-time 
signal  the  estimator  can  be  represented  exactly  as  the 
combination  of  well-known  statistics:  adaptive  beam¬ 
forming  combined  with  conventional  matched  time 
filtering  and  spatially  incoherent  processing.  Numeri¬ 
cal  simulation  has  confirmed  that  the  estimator  pro¬ 
posed  has  improved  performance  as  compared  to  the 
well-known  adaptive  beamformer. 
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ADAPTIVE  ALGORITHM  OF  FILTRATION  OF 
TARGET  TRAJECTORY  PARAMETERS 

Karlov  V.  D.,  Rafalskiy  U.  I.,  Yarovoy  S.  V.,  Petrushenko  N.  N.,  Chelpanov  A.  V. 


Abstract 

The  algorithm  of  filtration  of  the  targets  trajectory  parameters  which  provides  detection 
and  recognition  of  abnormal  situations  and  target  manoeuvre  and  selection  of  abnormal 
observations,  measurement  and  the  registrationof  acceleration  at  target  manoeuvre  and  in¬ 
creases  an  accuracy  of  the  target  trajectory  parameters  estimation  is  considered. 


The  use  of  a  deterministic  trajectory  model  during 
tracking  targets  leads  to  the  non-optimum  filtration  of 
its  parameters,  what,  in  its  turn,  reduces  a  noise  stabil¬ 
ity  of  the  tracking  regime. 

Under  real  conditions  the  difference  between  the 
parameters  of  a  target  trajectory  and  the  deterministic 
model  is  stipulated  by  the  presence  of  abnormal  situa¬ 
tions  (due  to  failures  of  the  measuring  equipment)  and 
by  the  target  manoeuvre. 

The  account  of  a  possibility  of  abnormal  situations 
(AS)  and  manoeuvre  of  the  tracked  target  leads  to  the 
necessity  of  widening  an  effective  filter  pass  band 
and,  hence,  to  worsening  the  accuracy  performances 
when  estimating  trajectory  parameter  of  non¬ 
manoeuvring  targets. 

The  algorithms  of  filtration  of  parameters  of  a  tar¬ 
get  trajectory  which  are  most  similar  to  the  proposed 
one,  are  described  in  [1,  2].  Their  key  feature  is  a  too 
cumbersome  scheme  and  therefore,  a  considerable 
scope  of  evaluations  to  be  carried  out. 

The  authors  have  tried  to  avoid  shortages  of  similar 
algorithms  in  the  offered  algorithm  [1,2],  The  detec¬ 
tion  and  recognition  of  AS  and  the  target  manoeuvre, 
the  AS  selection,  measurement  and  account  of  accel¬ 
eration  at  the  target  manoeuvre  is  implemented  in  the 
algorithm.  Thus,  the  accuracy  of  estimation  of  target 
trajectory  parameters  has  been  increased. 

The  sequence  of  the  information  processing  can  be 
divided  into  two  stages. 

At  the  first  stage,  the  recurrent  filtration  of  meas¬ 
urements  over  basic  points  («  =  l,2,.,.,n)  with  an 
estimation  of  current  values  of  target  trajectory  pa¬ 
rameters  (coordinates  and  derivatives)  xu ,  xu  and 
errors  correlation  matrix  (ECM)  is  carried  out  in  a 
Kalman  filter.  Besides,  the  sequence  of  tracking  dy¬ 
namic  errors  ~  mismatches  between  the  measured  and 
extrapolated  values  of  parameters  (values  of  discrep¬ 
ancy)  Zii  is  formed. 

At  the  second  stage  of  processing  in  a  Kalman  fil¬ 
ter,  the  accumulated  sequence  of  measurements  be¬ 
ginning  from  the  last  basic  point 


Vi  =  Vn-i+i  (j  =  n-  ^-f-l)  with  an  estimation  of 
trajectory  parameters  {x2j ,  hj ,  y-ij ,  )  is  filtrated. 

Then,  the  aggregate  sequence  of  absolute  values  of 
discrepancies  relevant  to  basic  points  is  formed: 

^ci  ~  \  Zli  I  +  \Z2n-j+\  I  .  (1) 

It  is  necessary  to  recognize  abnormal  discrepancies  in 
the  obtained  sequence  of  discrepancies  Z^i ,  and  by  their 
values  the  solution  about  the  presence  of  AS  or  target 
manoeuvre  has  to  be  made.  The  analysis  is  carried  out 
over  samples  in  a  “sliding”  m-size  window: 

where  k  =  m,m  +  l,...,n  . 

The  size  of  the  window  is  defined  by  an  amount  of 
abnormal  discrepancies  caused  by  AS  (or  target  ma¬ 
noeuvre).  As  a  rule,  one  AS  causes  occurrence  of  two- 
three  abnormal  discrepancies  [3].  Taking  into  account 
that  the  analysis  is  conducted  over  a  sequence  of  aggre¬ 
gate  values  Zd ,  the  number  of  abnormal  discrepancies  is 
doubled  and  the  size  of  the  window  m  has  to  be  chosen 
five,  i.e.  m  =  5  (in  primary  sequences,  the  abnormal 
discrepancies  are  located  on  different  sides  from  AS). 

The  solution  about  the  presence  of  AS  is  made 
when  values  S^,  exceed  some  threshold  Sq  : 

Sk  >  ‘S'o  .  (3) 

If  there  are  several  such  values  (in  succession),  the 
maximum  one  is  taken: 

5,.  =  max{5'i}.  (4) 

Taking  into  account  shifting  by  m/2  of  a  serial 
number  of  maximum  sample  S,,  with  respect  to  the 
number  of  AS,  there  is  taken  the  AS  number  equal  to 
^  =  r -2.  (5) 

The  AS  selection  is  carried  out  by  assigning  a 
weight  of  =  0  to  AS  with  the  number  ^  . 

The  abnormal  discrepancies  take  place  even  in  the 
case  of  target  manoeuvre  at  the  discordance  of  a  real 
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target  trajectory  with  the  chosen  model  (degree  of  an 
approximating  polynomial). 

Therefore,  in  the  case  of  exceeding  a  threshold  of  a 
detection  Sf,  >  Sq  ,  the  additional  analysis  on  the 
presence  of  target  manoeuvre  is  necessary. 

The  basic  feature  of  parameters  of  maneuvering 
target  trajectory  is  that  the  values  of  estimations  of 
their  modification  rate  differ  on  intervals  under 
observation,  which  are  located  before  the  manoeuvre 
area  (at  i  =  1,2,...,^  -1)  and  after  it  (i  =  ^  +  1, 
^4-2,.,.,n),  i.e.  the  component  of  acceleration 
Q  —  takes  place. 

Therefore,  the  manoeuvre  detection  is  carried  out 
by  comparison  of  the  threshold  po  with  a  value  of 
acceleration: 

9i  >  Po .  (6) 

where  x^-i,X(^+\  are  current  esti¬ 

mates  of  the  rate  obtained  at  a  filtration  of  direct  and 
inverse  sequences  of  basic  points  of  the  target  trajectory. 

In  order  to  define  the  quality  performances  of  AS 
detection  or  target  manoeuvre,  it  is  necessary  to  know 
the  distribution  law  of  discrepancy  values  in  the  pres¬ 
ence  and  absence  of  the  perturbing  factors. 

In  the  absence  of  AS  “the  updating  process”  Zi  is 
white  Gauss  noise  with  a  mean  value  and  variance 
equal  to  [3]: 

M[z]  —  0;  D[z]  =  l.bal,  (7) 


where  al  is  the  variance  of  separate  measurements. 

For  sample  of  m  aggregate  discrepancies  Sf^.  we  obtain 

Ds  =  3mrr.^  .  (8) 

In  the  presence  of  perturbations  (AS,  manoeuvre) 
there  is  a  bias  of  discrepancy  values  A„  =  M[Sf^,], 
according  to  the  magnitude  of  a  measuring  error  or 
manoeuvre  intensity. 

For  a  measurement  error  6  the  mean  value  of  an 
abnormal  discrepancy  makes  the  magnitude  [3]: 

(9) 


The  mean  value  of  the  discrepancy  due  to  the  target 
manoeuvre  with  intensity  g  varies  according  to  a 
square  component  law  [3]: 


THi-0^9 

12 


(10) 


where  T  is  the  rate  of  the  information  updating;  ^  is 
the  number  of  a  basic  point  relevant  to  the  beginning 
of  manoeuvre;  (p(i)  is  the  smoothing  function. 

The  AS  probability  of  false  detection  (or  manoeu¬ 
vre)  can  be  presented  through  an  integrated  cumula¬ 


tive  distribution  function  of  the  normal  random 
variable: 


Pf,=l-F 


(11) 


Correspondingly,  the  AS  detection  probability  is: 


(12) 


(13) 


The  threshold  magnitude  So  is  choosen  basing  on 
the  specified  probability  of  false  alarm. 

It  is  possible  to  estimate  the  positive  effect  achieved 
with  the  proposed  algorithm  in  the  following  way. 

First  of  all,  the  estimation  accuracy  increases  at  the 
expense  of  removing  AS  from  a  sequence  of  filtrated 
basic  points. 

Second,  at  manoeuvre  detection,  estimation  and  tak¬ 
ing  into  account  acceleration,  the  trajectory  parameters 
are  determined  with  the  higher  accuracy,  since  the 
square-law  component  is  taken  into  account  (10). 

Third,  at  the  two-sided  filtration,  as  compared  with 
the  recurrent  algorithm,  the  size  of  measuring  sample 
used  during  processing  increases.  Because  of  this,  the 
accuracy  of  trajectory  parameter  estimations  and  reli¬ 
ability  of  AS  and  manoeuvre  detection  increases. 

Quantitatively  the  gain  B  in  the  potential  accuracy 
of  the  smoothed  estimation  at  two-sided  filtration  as 
compared  with  usual  recurrent  processing  can  be  es¬ 
timated  with  the  help  of  a  variances  ratio  [4]  : 


B  = 


As 


=  2 


2 


1  +  VI  ' 


(14) 


where  Ai »  As  estimation  variances  at  one-sided 
and  two-sided  filtration  of  measurements,  respec¬ 
tively;  q  is  the  signal/noise  ratio  at  carrying  out  the 
measurements,  which  defines  the  variance  of  separate 
samplings.  At  g  1,  value  B  tends  to  two. 
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SIGNAL  PROCESSING  USING  METHODS  OF 
DIMENSIONALITY  REDUCTION  OF 
REPRESENTATION  SPACE 
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Telecommunicaqtiona  Kharkiv,  Ukraine 


Abstract 

The  universal  method  of  processing  of  signals  with  the  help  of  downturn  of  their 
dimension  is  considered 


1.  Introduction 

It  is  known  [1,2]  that  transfer  from  one-dimensional 
signal  presentations  S{t)  to  2  or  more  dimensional 
enables  to  involve  additional  physical  parameters  and 
properties,  extending  possibilities  on  their  modula¬ 
tion,  processing,  increasing  interference-free-feature, 
etc.  Thus,  [1,  3]  for  n  -dimensional  signals  such  im¬ 
portant  properties  as  polarization  and  level  of  this 
polarization,  coherence  and  level  of  coherence,  can  be 
indicated.  For  the  signals,  extending  presentation  in 
the  time  and  frequency  domain,  it  is  possible  to  get 
the  time-bandwidth  product  B  =  AF  •  r  >>  1, 
where  AF  is  the  occupied  frequency  content,  ris 
the  duration  of  information  pulse. 

2.  The  Essence  of  the  Method 

Random  signal  processing  in  a  common  case  is  re¬ 
duced  to  getting  presentation  of  this  signal  S(t)  from 
the  set  of  its  presentation  {5^}  to  the  set  of  its  solu¬ 
tions  {i?},  as  a  nile,  consisting  of  the  determinate 
values: 

(1) 

Dimensionalities  (dim)  of  sets  and  {/2}  can 

coincide  or  can  be  different.  It  is  known  from  the  the- 
oiy  of  sets  that  presentation  (1)  in 

dim {5}  >  dim {i?}  (2) 

is  confluent  and  in  a  common  case  is  connected  with 
information  loss.  However,  in  practice  the  presenta¬ 
tion  of  (2)  type  is  often  used  in  reception  and  process¬ 
ing  of  communication  signals.  So,  in  usual  meeting  of 
the  conditions  in  reception  dim{R}  =  1  (single-fold 
reception)  use  of  space  or  other  method  of  diversifica¬ 
tion  onto  N  -  branches,  when  S{t)  = 


...,iS'jv(i))^ ,  is  a  confluent  presentation  of  space  val¬ 
ues  of  random  A^-dimensionality  signals  into  one¬ 
dimensional  space  of  solutions  {S}  in  the  output  of 
the  count  detector  or  demodulator.  The  positive  prop¬ 
erties,  obtained  by  this,  are  as  follows:  fading  depths 
on  the  count  detector  output  in  comparison  with  fad¬ 
ing  in  independent  reception  branches  enable  to  im¬ 
prove  the  equivalent  signal-interference  situation  by 
dozens  decibels. 

Presentation  (2)  of  such  a  type  takes  place  in  the 
space-time  processing  of  signals  using  adaptive  an¬ 
tenna  arrays  (AAP),  aimed  at  space-concentrated  in¬ 
terference  elimination  .  If  on  the  input  of  each  of 
the  antenna  elements  AAP  the  distribution  density  is 
K'5'(i)/|(i),<),  then  we  obtain  conversion  of  the 
density  to  the  presentation 

w{Sit)/i{t),t)  =  w{S(t),t),  (3) 

on  the  total  count  detector  output,  that  enables  further 
using  of  standard  methods  of  optimal  decision-making 
(integral  reception,  reception  using  the  matched  filter, 
etc.)  Fig.  1  shows  common  structural  diagram  of  iV  - 
element  AAP  with  the  amplification  weight  factors 
W(t),  forming  vector  u>{t)  =  (wi(t),W2{t),... 

,  included  into  each  of  A  reception  branches. 

Figure  2  shows  general  structural  diagram  of  recep¬ 
tion  of  A^-position  broad-band  signal  (BBS)  S{t). 
When  using  N-  position  pseudorandom  sequence 
(PRS)  and  when  this  PRS  coincides  with  the  reference 
one,  the  equivalent  signal-noise  ratio  on  the  output  of 
the  total  count  detector  in  the  known  PRS  increases 
by  the  base  times.  By  this  increasing  of  interference- 
free-feature  of  reception  is  achieved  by  the  base  times. 
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Fig.  1.  General  Structural  Diagram 


Fig.  2.  General  Structural  Diagram  of  N  Position  Signal  Reception 


Comparison  of  algorithms  on  Figures  1  and  2 
shows  closeness  of  their  structural  diagrams.  The  al¬ 
gorithm  of  signal  reception  with  the  transversal  filter 
is  reduced  to  the  similar  type  of  diagrams.  We  can 
indicate  a  number  of  other  algorithms  where  presenta¬ 
tion  from  N-  dimensional  to  one-dimensional  space 
is  made  with  acquiring  useful  properties. 

From  the  mathematical  point  of  view  [4],  selecting 
such  presentation  (2)  and  obtaining  statistics  (3),  we 
achieve  fulfillment  of  sufficiency  of  this  statistics. 
Thus  [4],  if  the  interference  parameter  6  of  the  condi¬ 
tion  of  getting  the  sufficient  statistics  t ,  not  dependent 
on  6  ,\s  calculated  as  follows; 

M  {civ)}  =  J  civ)hix  /  t)git  /  e)dx  = 

=  M{Mic{v)/t}, 

where  mathematical  expectation  M{}  beyond  the 
braces  is  taken  by  distribution  of  t  statistics.  So, 


function  from  t  M(c(v)/f)  does  not  depend  on  9, 

because  t  -  sufficient  statistics. 

This  work  has  methodical,  generalizing  nature,  and 
is  aimed  at  drawing  the  attention  of  specialists  and 
scientists  to  the  unity  of  the  definitions  and  solutions 
of  the  problems,  connected  with  N-dimensional  pres¬ 
entation  and  confluent  presentations. 
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Abstract 

The  principles  of  construction  of  adaptive  interference  compensators  for  user  ra¬ 
dioaccess  systems  are  considered.  It  is  proposed  to  use  the  adaptive  antenna  array  in 
the  basic  receiving  channel,  which  will  allow  adjusting  zero  of  the  radiation  pattern  in 
a  direction  of  arrival  of  a  useful  signal.  The  analysis  of  the  efficiency  of  the  adaptive 
interference  compensator  with  the  adaptive  basic  receiving  channel  is  carried  out.  It 
is  shown,  that  the  efficiency  of  such  an  adaptive  compensator  is  constant  at  any  di¬ 
rection  of  a  signal  arrival  except  when  angles  of  arrival  of  the  signal  and  interference 
concur. 


I 


1.  Introduction 

User  Radioaccess  Systems  (URAS)  have  come  into 
growing  popularity.  They  received  the  most  applica¬ 
tion  in  organization  of  local  networks,  where  owing  to 
small  distances  one  can  manage  with  signal  levels  of 
less  than  1  W.  These  powers  are  so  small  that  they 
practically  do  not  create  interferences  for  other  sys¬ 
tems.  This  circumstance  enabled  authorities  regulat¬ 
ing  a  radio-frequency  spectrum  to  allow  the  work  of 
these  systems  without  license  and  registration  at  range 
domains  allotted  for  the  work  of  industrial,  medical, 
domestic  devices  and  plants.  Namely  from  these  de¬ 
vices  and  plants,  there  is  possible  the  interference 
exposure,  which  can  appear  significant  and  capable  to 
prevent  the  normal  work  of  URASs. 

Besides,  there  are  enough  sources  of  other  interfer¬ 
ences:  various  contact  groups,  car  ignition  systems, 
arcing,  welding  and  much  another  things  of  natural 
and  artificial  origin,  which  may  be  interpreted  as  ex¬ 
ternal  interferences. 

Thus,  it  turns  out  to  be  problematic  to  organize  ra¬ 
dio-communication  at  non-licensed  domains  of  the 
radiofrequency  range.  Many  URASs  developed  for 
the  use  at  non-licensed  domains  of  a  radio-frequency 
spectrum,  have  no  any  protective  functions,  methods 
or  algorithms,  whereas  some  URASs,  for  example, 
those  using  IEEE  802.11  protocols  are  provided  with 
several  such  functions  (frequency  DFS  and  power 
control  TPC). 

For  the  impulse  and  other  spatially  lumped  inter¬ 
ferences  control,  rather  effective  is  a  method  of  space¬ 


time  signal  processing  with  the  help  of  adaptive  an¬ 
tenna  arrays  (AAA)  and  adaptive  interference  com¬ 
pensators  (AIC)  [  1 ,2,3] 

2.  The  Essence  of  the  Method 

As  a  reference  signal  for  AAA,  there  can  be  used  the 
information  about  the  direction  of  arrival  (DOA)  of 
the  useful  signal.  However,  in  the  presence  of  a  pow¬ 
erful  interference,  it  is  difficult  to  define  DOA  in 
URAS. 

In  AIC,  a  reference  signal  is  being  formed  in  an 
auxiliary  receiving  channel  (ARC),  wherein  the  useful 
signal  is  absent. 

The  problem  of  removal  of  the  useful  signal  s{t)  in 
the  auxiliary  channel  is  an  original  problem.  For  its 
solution,  there  can  be  used,  for  example,  the  informa¬ 
tion  about  s{t)  DOA  or  polarization.  Then  directing 
the  ARC  antenna  by  a  RP  null  or  by  null  of  the  polari¬ 
zation  pattern  to  a  signal  s{t) ,  we  shall  obtain  the 
value  to  be  found  as 

Voit)  =  no{t)  +  v„{t) ,  (1) 

where  no{t)  is  an  interference  in  ARC,  Vo{t)  is  noise 
in  ARC. 

Under  real  conditions  -  inside  or  outside,  a  direc¬ 
tion  to  an  interference  source  hardly  will  become 
known,  and  besides,  a  maintenance  staff  poorly  famil¬ 
iar  with  the  electromagnetics  and  antenna  theory 
hardly  will  manage  with  proper  mounting  of  an  an¬ 
tenna  of  the  auxiliary  channel.  In  addition,  DOA  of 
the  useful  signal  can  permanently  changing,  what  re- 


0-7803-7881 -4/03/$l  7.00  ©2003  IEEE. 


Kolyadenko  Yu.  Yu. 


Fig.  1. 


Fig.  2. 

quires  readjustment  in  real  time  of  the  ARC  antenna 
RP  zero  in  its  DOA.  For  solution  of  the  problem  of 
adaptive  compensation  of  interferences,  it  is  necessary 
to  find  such  technical  solutions,  that  all  specified  ac¬ 
tions  of  organization  of  the  auxiliary  channel  were  as 
much  as  possible  simplified,  automatized  or  formal¬ 
ized. 

In  this  paper,  the  possibility  of  application  in  ARC 
of  a  two-element  AAA  is  considered.  For  formation 
of  the  required  amplitude-phase  distribution  (APD)  of 
the  field  on  the  AAA  aperture,  there  is  used  a  device 
of  a  signal  spatial  spectrum  estimation. 

The  algorithm  of  formation  of  the  field  optimum 
APD  on  the  aperture  of  the  ARC  antenna  array  ana¬ 
lytically  is  as  follows 

>  (2) 

where  Ryy  is  the  correlation  matrix  of  the  mixture  of 

signals,  interferences  and  noise  received  by  the  antenna 
array;  Rj,  is  the  controlling  interference  vector  (CIV). 

The  block  diagram  of  ARC  formation  is  given  in 
Fig.  1. 

In  the  block  of  the  spatial  spectrum  estimation,  the 
DOA  of  the  sufficiently  powerful  interference  is  being 
defined.  Further  this  information  is  used  for  formation 
of  Ryy  and  J?/,  in  the  block  of  the  APD  control. 

An  estimate  of  the  weighing  coefficient  vector 

w{t)  for  ARC  is  found  as  a  result  of  some  gradient 


procedure,  for  example,  a  recursive  procedure  with  a 
constant  step  factor  iJ  : 

^  =  ^^y„{t)Ay{t).  (3) 

Fig.  2  shows  a  block  diagram  of  AIC  synthesized 
in  accordance  with  equation  (3).  Obviously,  the  pro¬ 
cedure  of  CIV  estimation  by  (3)  may  be  modernized 
and  reduced,  for  example,  to  the  Robins-Monro,  New- 
ton-Raphson  or  Kalman-Biusi  expression  [3,4]. 

The  comparative  analysis  of  the  efficiencies  ob¬ 
tained  by  (3)  for  AIC  with  ARC  and  without  it  is  car¬ 
ried  out.  In  this  case,  dipoles  with  one  wavelength 
quarter  arm  were  used  as  antennas.  The  ARC  antenna 
is  focused  by  the  RP  zero  to  0°  . 

As  a  criterion  of  the  AIC  efficiency,  there  is  taken 
the  parameter  traditional  for  problems  of  space-time 
signal  processing  --  signal-interference-noise-ratio 
(SfNR)  being  here  a  ratio  of  a  level  of  useful  signal 
P,  to  the  sum  of  levels  of  a  narrow-band  interference 
and  such  an  interference  as  white  noise  re¬ 
ceived  at  the  waveband  of  the  useful  signal.  In  order 
to  obtain  numerical  values,  the  following  ratios  be¬ 
tween  levels  of  realizations  received  in  the  main 
channel  are  taken  as  initial  ones:  P,/P„  =  20  dB, 

=  30  dB.  The  interference  DOA  is  Q,  =  90°. 

The  experiment  computer  simulation  consisted  in  that 
when  changing  an  angle  of  arrival  of  the  useful  signal 
its  power  in  ARC  also  changed  at  the  expense  of  the 
antenna  transfer  factor.  The  leakage  of  the  useful  sig¬ 
nal  into  the  auxiliary  channel  destructively  influences 
on  the  AIE  efficiency.  We  have  obtained  SlNRs  also 
at  the  compensator  output. 

There  are  shown  in  Fig.  3  the  dependencies  of 
SHNR  for  AIC  with  the  adaptive  ARC  (a)  and  with 
the  usual  ARC  without  tuning  (b),  respectively. 

From  the  obtained  plots,  it  is  seen  that  the  efficiency 
of  AIC  with  the  adaptive  ARC  decreases  insignificantly 
(by  3.. 3. 5  dB),  when  angles  of  arrival  of  signal  and 
interference  coincide.  In  this  case,  in  ARC,  the  effect  of 
AAA  blinding  displays  itself  At  the  same  time,  the 
more  an  interference  level,  the  less  this  effect  shows 
itself  For  comparison,  in  Fig.  3a  (a  top  curve)  the  de¬ 
pendence  SIN  R  at  P,/P„  =  50  dB  is  given. 

Fig.  3b  shows  the  dependence  of  SINR  versus  an 
angle  of  arrival  of  a  signal  without  adaptive  ARC. 
From  the  obtained  plot  it  is  visible,  that  in  process  of 
moving  of  a  useful  signal  source,  the  efficiency  in  the 
beginning  reduces  smoothly.  Herewith  the  effect  of 
leakage  of  the  useful  signal  into  ARC  reveals  itself 
When  a  level  of  signal  reaches  values  of  over  0.7P, 
what  corresponds  to  <5  “  60°. ..120°,  the  efficiency 
decreases  sharply,  for  together  with  the  interference, 
the  useful  signal  is  being  compensated  too. 
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Abstract 

The  tendencies  of  increase  of  knowledge  of  a  society,  the  growth  of  mobility  of 
population,  the  increase  of  loading  on  systems  of  a  radio  communication,  including 
mobile  and  systems  of  a  user  radio  access,  aggravate  the  problem  of  electromagnetic 
compatibility  and  rational  use  of  a  radiospectrum  [1].  Avalanche  growth  of  number 
of  subscribers  of  such  systems,  volume  and  kinds  of  the  transmitted  information 
stimulate  the  alternation  of  generations  of  systems  to  more  perfect.  The  important 
role  in  reconciliation  of  inconsistent  requirements  of  high  throughput  and  EMC  of 
radiomeans  should  be  played  by  antennas  of  radio  stations.  They,  probably,  should  be 
adaptive,  intellcetual,  advanced  aerials.  It  is  the  subject  of  the  given  research. 

Key  words-,  intellectual  antennas,  mobile  communication,  user's  radioaccess, 
electromagnetic  compatibility 


1.  Introduction 

Mobile  communication  and  user's  radio  access  de¬ 
velop  in  the  world  rough  rates  [2].  The  spectrum  and 
quality  of  given  services  continuously  extends,  they 
become  mass,  popular  and  adapted  to  individual  needs 
of  users.  According  to  the  forecasts  of  analysts  sig¬ 
nificant  growth  of  the  share  of  incomes  of  operators 
from  granting  services  of  data  transmission  is  ex¬ 
pected  in  the  nearest  years.  The  companies  that  have 
the  licenses  for  granting  of  services  of  mobile  com¬ 
munication  of  3-rd  generation  is  expected  become  the 
largest  Internet  providers. 

Systems  of  mobile  communication  are  created  on 
the  basis  of  three  base  technologies  of  a  radio  access; 
FDMA-Frequency  Division  Multiple  Access; 
TDMA-Time  Division  Multiple  Access; 
CDMA-Code  Division  Multiple  Access. 

2.  Possibility  of  Generations  of 
Mobile  Communication  and  Radio 
Access 

The  first-generation  (IG)  in  1970s  and  second- 
generation  (2G)  of  cellular  systems  in  1980s  were 
used  mainly  for  voice  transmission  and  to  support 
circuit-switched  services  [3].  IG  systems  were  im¬ 
plemented  based  on  analogous  technologies.  How¬ 
ever,  2G  systems  were  digital  systems  such  as  the 
Global  system  for  Mobile  Communication  (GSM),  IS- 
54  Digital  Cellular,  Personal  Digital  Cellular  System 
(PDS)  and  IS-95.  The  systems  operate  nationwide  or 


internationally,  and  are  mainstream  systems  nowa¬ 
days.  The  data  rates  for  users  in  air  links  of  the  sys¬ 
tems  are  limited  to  less  than  several  tens  kilobit  per 
second. 

At  the  end  of  1999  the  ITU-R  Sector  approved  the 
specifications  of  the  International  Mobile  Telecom¬ 
munication  in  2000  (lMT-2000)  of  3G  relatively  ra¬ 
dio-interfaces  (RF  front-end),  which  involve 
terrestrial  components  (Mohr  2000): 

•  IMT-2000  direct  spread  CDMA  based  on  3GPP 
concept; 

•  IMT-2000  multicarrier  CDMA  based  on  3GPP2; 

•  IMT-2000  TDD  CDMA  based  on  3GPP  concept; 

•  IMT-2000  single-carrier  TDMA  based  on  the  evo¬ 
lution  of  ANSI- 136  with  EDGE  and  a  high  speed 
mode; 

•  IMT-2000  multicarrier  TDMA  based  on  the 
DECT  concept. 

IMT-2000  is  an  important  step  to  enable  such  ser¬ 
vices.  Therefore,  direct  services  applied  via  different 
access  systems  will  be  moving  forces  for  future  de¬ 
velopments. 

It  is  expected  that  due  to  the  dominating  role  of 
mobile  radio  access  the  number  of  portable  handsets 
will  exceed  the  number  of  PCs  connected  to  the  Inter¬ 
net  in  2004  approximatly.  Therefore,  mobile  terminals 
will  be  major  human-machine  interface  in  the  future 
instead  of  PCs. 

Key  possibilities  of  next  generation  of  mobile  com¬ 
munications  are  multimedia  communications,  wireless 
access  to  broadband  fixed  networks,  and  free  roaming 


0-7803-7881-4/03/$17.00  ©2003  IEEE. 


InteUectual  Antennas  and  Electromagnetic  Compatibility  in  the  Future  Systems  of  Mobile  Communication 


A)  Divercity  concepts 


B)  Multiple  antenna  concepts 


C)  Adaptive  antenna  concepts 


Fig.  L  Intellectual  antenna  concepts 


roaming  among  different  systems  [3].  The  next  gen¬ 
erations  include  the  fourth  (4G)  and  fifth  generations 
(5G),  and  4G  is  used  in  a  broad  sense  to  include  sev¬ 
eral  systems.  Also  many  new  types  of  communication 
systems  such  as  broadband  wireless  access  systems, 
millimeter-wave  LANs,  intelligent  transport  systems 
(ITSs),  and  high  altitude  stratospheric  platform  station 
(HASP)  systems  are  appeared.  When  4G  systems  are 
used  in  a  narrow  sense  as  cellular  systems,  they  will 
be  specified  as  4G-cellular.  Generations  of  mobile 
communications,  and  their  key  words  and  typical  sys¬ 
tems  are  shown  in  Table  [3]. 

3.  Electromagnetic  compatibility 

AND  ADVANCED  ANTENNA  CONCEPTS 
Future  mobile  and  access  systems  have  to  use  the  fre¬ 
quency  resources  as  efficiently  as  possible  [4].  There¬ 
fore,  several  physical-level-related  techniques  have  to 
be  investigated: 

•  Optimization  of  development  and  upgrade  of  ac¬ 
cess  systems  by  channel  modulation  and  coding 
schemes  for  further  enhancement  of  spectrum  effi¬ 
ciency  and  system  performance; 

•  Advanced  detection  schemes  such  a  multiuser 
detection  and  interference  cancellation  that  can 
gain  from  a  priori  knowledge  about  intra-  and  in¬ 
tercell  interference  signal; 

•  Signal  processing  algorithms  to  trade  off  between 
performance  gain  and  computing  complexity; 

Compression  techniques  for  source  signal  coding 
to  reduce  the  needed  user  data  rate. 


The  improvement  of  algorithms  of  supporting  this 
mainly  physical  level  must  be  expressed  in  the  follow¬ 
ing: 

•  Link  adaptation  according  to  the  channel  condi¬ 
tions,  traffic  load  and  services  for  better  usage  of 
the  frequency  resources  and  improvement  of  sys¬ 
tem  performance; 

•  Spectrum  is  shared  between  different  systems  dur¬ 
ing  the  investigation  of  coexistence  conditions  be¬ 
tween  different  radio  access  systems; 

•  Advanced  antenna  improves  link  quality  and  chan¬ 
nel  capacity  (Fig.  1). 

These  concepts  are  used  to  increase  the  channel  ca¬ 
pacity  of  the  radio  link.  Diversity  concepts  {Fig.  lA) 
basically  reduce  the  impact  of  fading  due  to  multipath 
transmission.  Multiple  antenna  concepts  (Fig  IB)  are 
a  further  extension  of  diversity  concepts  gaining  from 
uncorrelated  multipath  transmission  cannels  between 
the  different  antenna  elements  on  base  station  and 
terminal  sides.  The  basic  idea  is  to  reuse  the  same 
frequency  band  simultaneously  for  parallel  transmis¬ 
sion  channels  by  space-time  coding  to  increase  the 
channel  capacity 

Adaptive  antenna  concepts  (Fig.  1C)  improve  link 
quality  by  reducing  the  co-cannel  interference  from 
different  direction  and,  in  the  more  advanced  space- 
division  multiple  access  (SDMA)  concept,  by  reusing 
the  same  frequency  channels  simultaneously  for  dif¬ 
ferent  users  in  distinct  directions.  System  aspects  are 
similar  to  common  control  channels  and  the  signal 
transmission  concept.  They  are  an  essential  part  of 
advanced  antenna  concepts  in  order  to  achieve  the 
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same  range  extension  for  common  control  cannels  as 
for  traffic  channels. 

These  are  key  concepts  using  the  frequency  spec¬ 
trum  as  efficiently  as  possible  without  major  impact 
on  evolving  access  systems.  Concepts  like  Universal 
Mobile  Telecommunication  System  (UMTS)  have 
already  taken  into  account  necessary  prerequisites  for 
adaptive  antenna  concepts.  However,  economic  im¬ 
plementation  of  the  different  RF  front-ends  and  base¬ 
band  signal  processing  are  technical  problems. 

Table.  Classification  of  Generation  of  Mobile  Com¬ 
munications 

Design  and  evaluation  of  the  system  requires  a  re¬ 
alistic  wideband  channel  characterization  for  new 
frequency  bands  up  to  about  60  GHz.  Channel  models 
based  on  wideband  propagation  measurements  are 
needed  for  international  standardization  process,  tak¬ 
ing  into  account  the  models  for  direction  of  wave  arri¬ 
val  [4]. 

Smart  antennas  have  intelligent  functions  such  as 
suppressions  of  interference  signals,  and  digital  beam¬ 
forming  with  adaptive  space-time  processing  algo¬ 
rithms  [3].  Owing  to  these  characteristics  smart 
antennas  been  considered  as  key  technologies  for  fu¬ 
ture  mobile  communications.  One  type  of  smart  an¬ 
tennas,  adaptive  array  antennas  (AAAs),  are  expected 
to  reduce  interference  and  lower  transmission  power. 


Interference  canceling  with  an  AAA  and  an  interfer¬ 
ence  canceling  equalizer  (ICE)  promise  to  increase 

capacity  of  the  systems  [3]. 
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